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Abstract: Drought stress threatens global food security and requires creative agricultural solutions.
Recently, phyto-synthesized nanoparticles NPs have garnered attention as a way to reduce food crop
drought. This extensive research examines how phyto-synthesized NPs improve crop growth and
biochemistry in drought-stressed situations. The review begins with an introduction highlighting the
urgency of addressing the agricultural challenges posed by drought. It also highlights the significance
of nanoparticles synthesized from photosynthesis in this context. Its purpose is to underscore
the importance of sustainable farming practices. This approach is contrasted with conventional
methods, elucidating the ecological and economic advantages of phyto-synthesized NPs. This review
discusses phyto-synthesized nanoparticles, including titanium dioxide, iron oxide, gold, silver, and
copper. In addition, we review their ability to enhance crop growth and stress resistance. The
primary focus is to elucidate the effects of phyto-synthesized NPs on plant development under
drought stress. Noteworthy outcomes encompass improvements in seed germination, seedling
growth, water absorption, photosynthesis, chlorophyll content, the activation of antioxidant defense
mechanisms, and the modulation of hormonal responses. These results underscore the potential of
phyto-synthesized NPs as agents for enhancing growth and mitigating stress. The review assesses
the risks and challenges of using phyto-synthesized NPs in agriculture. Considerations include
non-target organisms, soil, and environmental impacts. Further research is needed to determine the
long-term effects, dangers, and benefits of phyto-synthesized NPs. Nanoparticles offer a targeted and
sustainable approach for improving plant drought tolerance, outpacing traditional methods in ethics
and ecological balance. Their mechanisms range from nutrient delivery to molecular regulation.
However, the long-term environmental impact remains understudied. This review is critical for
identifying research gaps and advancing sustainable agricultural practices amid global water scarcity.

Keywords: phyto-synthesized NPs; agriculture; drought stress; plant growth; biochemical attributes;
environmental impact
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1. Introduction
1.1. Drought Stress and Its Impact on Plant Growth and Development

Drought stress occurs in plants with an internal water deficit due to an inadequate
water supply. The condition manifests when plants are without sufficient water for an
extended period. Plants’ physiology, morphology, and productivity can all be drastically al-
tered by drought stress. One significant effect of drought stress is reducing crop yields [1,2].
Plants cannot carry out their critical physiological functions when deprived of water. The
plant’s photosynthesis, nutritional uptake, and hormonal balance may all suffer, causing
stunted growth, withering, and even death [3,4]. Drought stress also interferes with many
plant processes. Many biological activities, such as cellular respiration, which produces
energy, require water. These mechanisms, metabolic activity, and plant health, in general,
suffer when water is scarce [5–7]. Stomatal apertures, which regulate the exchange of gases
and water vapor between the plant and the environment, are similarly affected by drought
stress. Increased transpiration can worsen water shortages caused by this interruption [8,9].

Drought stress causes plants to adapt physiologically by altering gene expression,
accumulating Osmo protectants (such as proline and carbohydrates), and activating stress-
responsive signaling cascades. These systems can aid plants in dealing with drought stress,
but they are usually insufficient to prevent serious crop production decreases [10,11]. Un-
derstanding the effects of drought stress on plants and the processes disrupted under these
conditions is essential for developing solutions to alleviate the detrimental repercussions
of drought stress on agriculture and the environment. Understanding the complex mech-
anisms involved in the drought stress response might help researchers and agricultural
practitioners increase crop resilience, enhance water management practices, and guarantee
food security in the face of more unpredictable climatic conditions [12–15].

1.2. Why Phyto-Synthesized NPs Are Promising

Phyto-synthesized NPs are a diverse group of nanoparticles, economically crucial for
the production of crops and resilience against drought conditions. Phyto-synthesized NPs
have shown many unique properties by increasing efficiency and surface-area-to-volume
ratios. This leads to beneficial nutrient uptake and effects on growth, breaches the biological
blocks, and links with plant organisms at the molecular level [16,17]. Previous studies
showed that specific photo-synthesized NPs could improve the photosynthetic ability
of plants, letting them cope with water-stress conditions and capture and utilize light
more efficiently. Moreover, this improvement in photosynthesis makes plants capable of
surviving during drought [18,19]. It accelerates their growth and productivity, thus leading
to abundant agricultural yields. Silver nanoparticles are potent candidates for applying
phyto-synthesized NPs in agriculture [18,20–23]. Silver nanoparticles have been shown to
enhance the water retention capacity of soils, reducing water loss through evaporation and
increasing water availability for plant uptake during dry periods [24–26].

Moreover, these nanoparticles can stimulate the expression of stress-related genes
in plants, leading to improved drought tolerance and better adaptation to challenging
environmental conditions [27]. Silver nanoparticles are the most critical candidate for phyto-
synthesized NPs in agriculture [28–30], according to previous research, which explains
that this particle showed the best results by increasing the water retention capability of
soils, decreasing water loss through evaporation, and enhancing the availability of water
uptake during drought conditions [31,32]. Functionally, these particles can regulate the
expression of stress-related genes in plants, helping in drought tolerance and adaptations
against challenging environmental conditions [33,34].

In conditions like less nutrient availability and uptake to plants in arid soils, encapsu-
lated nutrients in nanoparticles are used to ensure their targeted delivery in the roots of
plants. Regardless of the encouraging benefits of nanoparticles in the agricultural field, it
is hard to consider their potential risks and effects on the environment [35,36]. Nanopar-
ticles can interact with various microorganisms and beneficial insects. Therefore, their
long-lasting effects should be deeply investigated. When incorporated into agricultural
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settings, these nanoparticles should not harm the ecosystem, biodiversity, and human
well-being [35–37]. Regulatory authorities and researchers must oversee the risk assess-
ment to calculate the potential environmental influence of nanoparticles in the agricultural
sector [38–40]. According to prior studies, the changes in the soil, their nutrient uptake
and accumulation in plant cells, and their effects on other non-targeted organisms are
important [41–43]. Phyto-synthesized NPs counter abiotic conditions like drought and less
crop production. Nevertheless, systematic research is necessary to observe their mode of
action, potential threats, and related risks to check their potential and ensure their safe
use fully [44,45]. The outcomes of prior research indicate that these particular aspects and
particles possess the potential to serve as integral instruments for enhancing worldwide
food security during the epoch of climate fluctuations and the burgeoning of the human
populace [46–48].

1.3. Review Scope and Approach

This review focuses on the characterization and synthesis of various phyto-synthesized
NPs, their responses to drought conditions, and their effects on plant growth. The study also
explores molecular mechanisms and environmental concerns. It identifies research gaps
for future investigation in utilizing various phyto-synthesized NPs to tackle agricultural
challenges amidst global climate change. For this study, we thoroughly reviewed the
most recent literature on the characteristics of nanoparticles. Our investigation involves
a thorough comparison of these results with the field’s present and projected futures.
Reputable academic databases like Google Scholar, PubMed, Elsevier, and the NCBI official
repository were used to research this time period, which runs from 2017 through 2023. The
discussion encompasses diverse nanoparticles, their synthesis methods, growth impacts,
water relations, antioxidant properties, and interactions with the photosynthesis system.
Additionally, potential challenges and risks in agricultural applications are acknowledged.
This neutral and comprehensive review contributes valuable insights for researchers and
practitioners in the field.

2. Phyto-Synthesis of Nanoparticles
2.1. Green Synthesis Approach

In recent years, the green synthesis approach has emerged as an eco-friendly and
promising phyto-synthesized NP method. The inventive technique includes using plant-
derived elements by reducing and stabilizing the agents to produce nanoparticles of
different materials, like metal and metal oxide [49–51]. This synthesis deals with numerous
benefits, such as cost-effectiveness and sustainability. It decreases the potential threats
linked to traditional chemical methods. A significant example of the green synthesis
approach is the application of plant extract and bioactive compounds such as alkaloids,
terpenoids, polyphenols, and flavonoids as reducing agents in the synthetic process, as
shown in Table 1. These biomolecules of plant extracts have intrinsic properties, making
them capable of reducing metal ions and helping produce nanoparticles [10,52–55].

Table 1. Comparative Analysis of the Green Synthesis of Nanoparticles: Methodological Approaches
and Implications for Sustainability and Practical Applications.

Category Description References

Methodology Utilization of biological entities such as plants or plant extracts in the formation of
nanoparticles [56–58]

Environmental Impact Lower toxic byproduct generation, environmentally friendly process [52,59]
Cost-Effectiveness Cost-effective compared to chemical synthesis [53,54]
Application Areas Used in medicine, electronics, catalysis, environmental remediation [55,60]
Scalability Adaptable to various applications [26]
Time Efficiency Generally, a faster process [61]
Safety Considerations Safer synthesis process, minimizing risks [62]
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Moreover, the extract acts as a stabilizing agent, inhibiting agglomeration and ensuring
the stability of nanoparticles by increasing their capability and applicability in different
fields. Furthermore, using plant-based materials to synthesize nanoparticles is a sustain-
able alternative to conventional methods using toxic chemicals and high energy. This
approach of plant-derived compounds is readily available and biodegradable, contributing
to the friendly environment [63–65]. These green synthesized nanoparticles proved very
applicable in drug delivery, catalysis, environmental remediation, and agriculture. Accord-
ing to previous studies, silver nanoparticle synthesis from leaf extracts of certain plants
showed excellent antimicrobial properties, demonstrating that these plants have strong
antibacterial properties [63–65]. Similarly, the iron oxide nanoparticles synthesized by the
green synthesis method showed the properties of removing pollutants from the wastewater,
allowing a green solution for water treatment. Hence, the green synthesis method is a more
sustainable and promising avenue for nanomaterial production [66–68].

2.2. Advantages of Phyto-Synthesis over Other Methods

Phyto-synthesis has developed as an encouraging and sustainable alternative to con-
ventional synthetic methods, putting away beneficial interests among industries and sci-
entists. The significant benefit of Phyto-synthesis is the reduction in energy consumption
compared to other physical and chemical conventional methods [69–71]. Practice plant
extract is a stabilizing and reducing agent, minimizing the need for high-temperature
and energy-intensive processes. This approach is cost-saving and helps with achieving a
greener community by reducing nanoparticles’ overall carbon footprint production [72,73].
The critical advantage of phyto-synthesized NPs is biocompatibility, as plant extracts are
used for synthesis. The obtained nanoparticles are inherently more compatible with bio-
logical systems [74,75]. It opens up various applications in medicines like drug delivery
systems, where the human body more freely consumes the nanoparticles by reducing
potential adverse reactions. One major factor is the production of toxic-free end products
in photosynthesis, as described in Table 2 [76–78].

Table 2. Advantages of phyto-synthesized NPs over other methods.

Advantage Phyto-Synthesis Other Methods Reference

Environmental Friendliness Low toxic byproduct generation Hazardous waste [76]
Cost Cost-effective Expensive reagents [77]
Energy Efficiency Less energy consumption More energy consumption [70]
Scalability and Versatility Adaptable Limited scalability [79]
Use of Renewable Resources Renewable plant materials Non-renewable materials [80]
Time Efficiency Faster process Time-consuming [81]
Safety Considerations Safer due to non-toxic materials Safety risks [82]
Quality Control Fine control Quality variations [83]

Further, most processes end with hazardous chemicals, which may lead to high risks
to human health and cause environmental pollution. In contrast to phyto-synthesized NPs
and chemical extracts, prior ones are safe for researchers and workers and eco-friendly for
the environment [79]. The previous study utilized green phyto-synthesis to produce silver
nanoparticles using Aloe vera leaf extract. The scientists combine the plant extract with a
sliver salt solution and allow the mixture to undergo a heating process. The resulting prod-
ucts maintain excellent biocompatibility and stability, making them suitable nanoparticles
for active biomedical applications, such as wound-healing agents and antibacterial proper-
ties [84,85]. The green synthesis process also offers better control over the size and shape
of nanoparticles, a critical aspect for modifying their characteristics for specific use and
function. Phyto-synthesis has an excess of advantages over other conventional methods. It
is environmentally friendly, biocompatible, has no toxic chemicals, and decreases energy
consumption costs, providing a promising path for sustainable production of nanoparticles.
Soon, due to deep research to understand plant-based synthesis methods and explore new
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plant resources, we can advance with more innovative advancements and applications in
this field [86,87].

3. Phyto-Synthesized-NPs and Their Applications in Agriculture

Various phyto-synthesized NPs have recently gained attention in the agricultural field.
The use of these nanoparticles in agriculture proved to be more efficient and convenient
for the environment and provide good crop health compared to other conventional syn-
thetic nanoparticles. These play a vital role in avoiding toxic environmental components,
keeping the ecosystem preserved, and safeguarding the health of consumers and farm-
ers [10,88]. One significant advantage of various phyto-synthesized NPs is their safety
usage. In contrast to local synthetic nanoparticles that indeed have unknown prolonged
effects, green synthetic nanoparticles have fewer adverse issues for human health and the
environment [89,90]. The alternative significant factor is cost-saving, which drives their
practice in the agricultural field. Although the synthetic process relies on plant extracts,
the production cost is relatively low. In addition, as shown in Table 3, these nanoparticles
become readily available to many farmers, including in developing countries, to improve
agronomic practices globally [60,63].

Table 3. Overview of the Influence of a Multitude of Nanoparticles on Enhancing Drought Tolerance
in Plants.

Plant Species Nanoparticle Observed Effect References

Wheat Iron-NPs Enhanced photosynthesis and reduced oxidative stress [91–93]
Wheat Silica-NPs Enhanced plant growth and development [94]
Rapeseed Maghemite-NPs Increased growth and reduced water stress [95,96]
Wheat Selenium-NPs Improved plant growth and development [84,94,97]
Wheat Iron-NPs Increased plant growth and reduced oxidative stress [97,98]
Corn TiO2-NPs Increased water use efficiency [99]
Sunflower Silver and TiO2-NPs Improved root and shoot length [100–102]
Soybean Copper oxide-NPs Mitigated drought effects via increased antioxidant activity [103–105]
Rice Alumina-NPs Promoted nutrient uptake and improved drought resilience [106,107]
Cotton Chitosan-NPs Enhanced leaf water content and reduced transpiration rate [108,109]
Barley Zirconia-NPs Increased root length and biomass [110,111]
Tomato Cerium oxide-NPs Improved stomatal conductance and water use efficiency [112,113]
Maize Gold-NPs Enhanced photosynthetic efficiency and reduced oxidative stress [114,115]
Chickpea Silica-NPs Augmented nutrient uptake and drought tolerance [116,117]

Moreover, the versatile nature of phyto-synthesized NPs opens up various applica-
tions in farming. The most important feature is their antimicrobial activity, which controls
diseases linked to weeds, insects, and pests in crops [66]. With various phyto-synthesized
NPs, farmers can decrease the resilience of harmful pesticides by promoting safe cultivation
practices and reducing the issues linked with chemical exposure [118,119]. When harnessed
into the soil, these will enhance nutrient availability, resulting in better plant growth and
higher yields. The presence of nanoparticles in the soil can help against soil erosion, increas-
ing sustainable land management practices [120,121]. By understanding their potential
threats, recent research has shown the successful preparation of silver nanoparticles syn-
thesized from the Azadirachta indica, natively known as the Neem tree. The plant extract
of the Neem tree controls fungal pathogens in crops [122,123]. Research showed excellent
activity against fungal pathogens and enhanced stability, constructing them as a valuable
and efficient way of disease management in agriculture. It has opened new horizons in the
agronomy field for sustainable development goals. Safe usage, environmental friendliness,
affordability, and various applications make them a reliable asset in advanced cultivation
practices [124–126]. However, researchers contribute to exploring new potential. We hope
for future advancements and innovative usage of nanoparticles to transform agricultural
ways and subsidize greener and cleaner crop production. Table 4 presents comprehensive
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information and explains the structure of nanoparticle-reduced drought stress damage and
adverse effects in plants [127,128].

Table 4. Types of Nanoparticles and Their Mechanisms of Action for Mitigating Drought Stress in
Specific Food Crops.

Nanoparticle Mechanism of Action Applications in Drought
Stress Mitigation

Specific Food Crops
Tested References

Silver
Nanoparticles

Enhance water uptake,
modulate stress-responsive
genes

Improved drought tolerance,
water use efficiency Oryza sativa L. [129,130]

Gold Nanoparticles Improve root architecture,
influence osmotic adjustment

Enhanced root growth under
drought conditions Triticum aestivum L. [131,132]

Zinc Oxide
Nanoparticles

Increase antioxidant
enzymes, regulate
stress-related hormones

Protection against oxidative
damage under drought stress Zea mays L. [133,134]

Iron Oxide
Nanoparticles

Improve water utilization
efficiency, enhance
chlorophyll content

Enhanced growth and yield
under water-limited
conditions

Glycine max L. Merr. [135,136]

Copper Oxide
Nanoparticles

Regulate stomatal
conductance, improve
nutrient uptake

Increased resistance to water
stress, improved nutrient
efficiency

Sorghum bicolor L.
Moench [136,137]

Titanium Dioxide
Nanoparticles

Increase water retention,
enhance photosynthetic
efficiency

Improved growth and
reduced water loss under
drought conditions

Hordeum vulgare L. [99,138,139]

Silica Nanoparticles
Enhance cell wall rigidity,
increase water holding
capacity

Reduced evapotranspiration,
improved drought tolerance Solanum lycopersicum L. [33,140]

Cerium Oxide
Nanoparticles

Act as antioxidants, regulate
water and nutrient transport

Enhance drought resistance
by reducing oxidative stress Cucumis sativus L. [103,141,142]

Magnesium Oxide
Nanoparticles

Improve nutrient absorption,
enhance water use efficiency

Increased drought tolerance,
improved nutrient
availability

Lactuca sativa L. [143,144]

Calcium Oxide
Nanoparticles

Regulate cell membrane
stability, increase root water
uptake

Enhanced root development,
improved water retention Spinacia oleracea L. [145,146]

Aluminum Oxide
Nanoparticles

Modulate stress-responsive
enzymes, increase water
retention

Improved growth and stress
tolerance under drought
conditions

Helianthus annuus L. [147–150]

Selenium
Nanoparticles

Act as antioxidants, enhance
stress tolerance mechanisms

Improved growth, yield, and
water use efficiency under
drought conditions

Brassica napus L. [151,152]

Several methods can synthesize nanoparticles, including chemical vapor deposition
and sol–gel synthesis, to achieve specific particle properties. Post-synthesis treatments
may further refine these characteristics after the completed synthesis [58]. X-ray diffraction
and scanning electron microscopy are commonly used to evaluate nanoparticles’ physical
and chemical properties. The suitability of nanoparticles for application depends on the
synthesis and the characterization of the particles [55]. We outline some examples of
nanoparticles that help plants cope with drought stress conditions and alleviate their
adverse effects in the following sections.



Sustainability 2023, 15, 14792 7 of 40

3.1. Silver Nanoparticles (Ag-NPs)

Silver nanoparticles showed relatively good antifungal and antimicrobial properties,
assisting them to control different diseases of plants and enhance their production rate.
One convenient method for synthesizing Ag-NPs involves using various plant extracts,
such as Aloe Vera, Azadirachta indica, and Ocimum sanctum [153–155]. Ag-NPs proved very
useful against multiple stresses, but drought or water stress is the most important. Recent
studies demonstrated that silver nanoparticles enhanced the Fusarium oxysporum growth
rate of a root, leaf area, and shoot [156–158]. The previous studies also showed that Ag-NPs
synthesized with Justica adhatoda leaf extract could improve chickpeas’ growth rate and
yield by improving photosynthesis, antioxidant activity, and nutrient uptake [159]. Several
articles have recently been explored for testing Ag-NP’s response to kill off dangerous
bacteria and fungi and inhibit crop growth. As a result, these nanoparticles proved to
be an ideal candidate in the agricultural field, where pathogens can frequently affect the
crop’s growth, yield, and quality [160–163]. Ag-NPs proved the best alternative to various
synthetic and chemical pesticides. Specifically, the leaf extract of Moringa oleifera can
fight against bacterial blight disease in pomegranate trees, usually caused by Xanthomonas
axonopodis bacteria [164,165].

Earlier research concluded that their findings proved safe alternatives to chemical-
based sprays to inhibit insecticide growth and create an eco-friendly environment. Another
extract from Justicia adhatoda leaf showed the properties of improving growth rate in
chickpeas [166–168]. Applying Ag-NPs on chickpeas revealed the positive aspects of
increased photosynthesis, antioxidant activities, and nutrient absorption. Moreover, when
silver nanoparticles were extracted from the leaf of Carum copticum, plant development
increased by increasing sunlight absorption and nutrient availability and reducing the
damage caused by oxidation [169–172]. Ag-NPs are very helpful in the production of the
wheat crop by enhancing wheat grains’ quality and safety from different fungal attacks.
Suggestions might be the effectiveness and protection of these NPs in the most popular
staple food crop (wheat) globally [172–175]. Ag-NPs can be used as safe fertilizers in
agricultural sectors instead of chemical fertilizers. These NPs can cause several potential
impacts on the environment and regulatory issues, so it is necessary to understand their
mode of action in promoting plant growth and disease control actions [85,176–178].

3.2. Gold Nanoparticles (Au-NPs)

In drought conditions of plants, the use of gold nanoparticles helps the plants to grow
and also facilitates the process of photosynthesis. Moreover, Au-NPs have been shown
to have incredible features in protecting plants from their oxidative reactions caused by
drought conditions through anti-oxidative activity [179–181]. To synthesize Au-NPs, some
plant extracts such as green tea, grape seeds, and lemon peel are more efficient to a large
extent. During dry seasons, plants can improve performance and physiology when they
contact gold particles—specifically, growth rate and yield increase when green tea extract
synthesizes Au-NPs [182–184]. According to Wahab et al., 2023, Au-NPs help plants to
take up nutrients efficiently from soil and enhance their photosynthetic pigments that
provide the best food resources for plants [185]. According to El-Saadony et al., 2022, using
grape seeds for gold nanoparticles showed increased nutrient absorption, photosynthesis,
antioxidant process, growth, and best yield quality in wheat crops [186]. During drought
stress, when plants can easily be affected by microbes, the gold nanoparticles proved to
help fight against microbes due to antimicrobial activity by inhibiting infection rates caused
by pathogens. The fundamental features of Au-NPs are to combat disease and increase the
immunity system in plants. The growth and development of plants in contact with Au-NPs
enhance the ability to penetrate plant tissues, allowing [187,188].

Moreover, Au-NPs not only help deliver micronutrients but also improve the germina-
tion of seeds and the growth rate of tissues. Au-NPs may also increase plant development
by controlling gene expression and their activating pathways [189]. Above and beyond
influencing the expression of a gene, Au-NPs might also cooperate with plant membranes
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and enhance the ability of drought tolerance. However, the exact process of their activity is
still unknown. For scavenging oxygen-reactive species, gold nanoparticles fight oxidative
damage triggered during drought conditions [190–192]. There are some safety measures
when implanting Au-NPs in plants during drought conditions, such as checking their
potential environmental impacts. Scientists are working on Au-NPs for their destiny and
build-up in the atmosphere; their impressions on soil and plant systems and their possible
threats to non-targeted species are also part of continuing research [193,194]. Au-NPs ex-
tracted from plant bioactive compounds have emerged as a potential gizmo for increasing
vegetative resilience against dry weather. Their capability to enhance nutrient uptake, anti-
oxidative properties, photosynthetic rate, and disease resistance make them cherished for
cultivation applications. Furthermore, there is a need for new and entirely understandable
research on their mode of action, controlled application procedures, and eco-friendly nature
for general approval in drought conditions [195–197].

3.3. Iron Oxide Nanoparticles (Fe3O4-NPs)

Due to their vast characteristics, Fe3O4-NPs are increasingly efficient in agronomy
for drought management. These nanoparticles are highly effective and extremely useful
for the safety of soil and plants [198]. Fe3O4 nanoparticles are very peculiar for absorb-
ing and adsorbing. They can hold a large amount of water, therefore proving helpful in
drought-stressed regions [199]. On the other hand, Fe3O4 nanoparticles provide a protec-
tive covering for plants and boost crop quality and yield in drought conditions [200,201].
Most studies have shown that Fe3O4-NPs can hold water in the soil, increase the photo-
synthetic rate, and reduce water evaporation. This enables plants to grow under drastic
environmental conditions. Also, Fe3O4 nanoparticles are environmentally friendly and can
manage high drought stresses. One major factor is to sustain a firm basis with non-toxic
and biodegradable compounds [29,202,203]. Fe3O4-NPs are also cost-saving and more
appealing to farmers for better crop production and development. Concluding the features
of Fe3O4-NPs, they may be a promising tool for decreasing drought stress in cultivation
systems by providing a safety coating to soil and plants from the atmospheric barriers.
These are eco-friendly and money-saving, making them an ideal choice for cultivars in
their farming sectors [204–206].

3.4. Copper Nanoparticles (Cu-NPs)

In recent years, Cu-NPs have gained attention for their potential use for stress man-
agement in the agricultural sector. A particularly significant way is using plants’ bioactive
compounds to synthesize Cu-NPs. Thus, their eco-friendly nature provides various benefi-
cial aptitudes to plant crops [80,207]. Previous studies showed that Cu-NPs synthesized
from plant materials positively impact the development and growth of plants. Similarly,
these proved to be a protector against challenging environmental conditions like dryness in
the atmosphere. Case in point, when tomato plants were treated with copper nanoparticles
synthesized from the basil leaf extract, Tripathi et al. (2022) unveiled properties like photo-
synthesis and antioxidant activity under drought conditions [4,208,209]. The presence of
nanoparticles acts as a protective shield against oxidation reaction damages produced by
unfavorable conditions. Therefore, it helps plants balance optimal metabolic functions and
photosynthetic rates during water scarcity [210–212].

Moreover, Cu-NPs were found to be valuable in modulating the response of the
genes associated with the stress response in plants. It also contributes to their efficiency in
fighting against environmental alterations. The gene regulation activity assists plants in
activating their stress tolerance mechanism, including the production of proteins and Osmo
protectants that aid in cellular protection and water retention [213,214]. For instance, crops
treated with Cu-NPs will more likely reveal increased drought resistance by enhancing
overall productivity. The eco-friendly and money-saving feature of this green-synthesis
method revealed the positive impacts on the development of the plant in stress response
conditions and photosynthesis [215,216]. It attracted the attention of researchers and
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potential enactment in agricultural practices. Cu-NPs have significant attributes in different
fields due to their distinctive physiochemical and potential applications [59,217].

Consequently, the typical range of a nanoparticle varies from 1 to 1000 nanometers. It
retains exceptional catalytic activity, antimicrobial properties, and electrical and thermal
conductivity. There are many ways to synthesize Cu-NPs, such as green synthesis, chemical
reduction, and Sono chemical processes posing control over the surface’s shape, size, and
functionality to develop their characteristics for specific applications [218,219].

This review article extensively covers diverse applications of copper nanoparticles
(Cu-NPs) across various fields. In microchip technology, Cu-NPs find utility as conduc-
tive inks for printed electronics and as additives to enhance the performance of electric
devices [220,221]. Their inherent ability to combat microbes in the medical sphere positions
them as ideal candidates for biomedical and wound-dressing applications. Leveraging
the catalytic potential of Cu-NPs in environmental remediation unveils their proficiency
in breaking down pollutants and facilitating the safe extraction of heavy metals present
in contaminated water sources. Owing to their multifunctional attributes, many possibili-
ties emerge for integrating these nanoparticles into various technologies and industries,
catalyzing further research and experimentation [200,203,222].

3.5. Zinc Oxide Nanoparticles (ZnO-NPs)

In previous research endeavors, the significant merits of ZnO-NPs extracted from
plant materials have garnered attention due to their innovative role in facilitating plant
development and their capacity to endure challenging environmental conditions [223–225].
Within global warming, heightened concern surrounds the impact of drought stress on
the agricultural sector, manifesting as reduced productivity and posing challenges in
adequately nourishing the global population [226,227]. For example, an inclusive review
by Gupta et al. in 2022 underscored that applying ZnO-NPs to drought-exposed plants
elicits heightened plant growth performance rates, concurrently bestowing a spectrum
of notable functions. Notably, these nanoparticles facilitate augmentation in chlorophyll
content, thereby fostering an upswing in photosynthetic activity [228,229]. Consequently,
this augmentation translates to an enhanced energy storage and conservation capacity,
even with limited water availability. Applying Zinc oxide nanoparticles (ZnO-NPs) has
been demonstrated to effectively regulate the activity of antioxidant enzymes such as
catalase and superoxide dismutase [230–232]. These enzymes are crucial in counteracting
oxidative damage caused by accumulating reactive oxygen species (ROS), particularly
under drought-induced conditions. ZnO-NPs function as protective barriers for essential
cellular components, enabling plants to withstand the adverse impacts of drought by
mitigating oxidative reactions [103,233,234]. Remarkably, ZnO-NPs offer an additional
advantage to plants by enhancing their resilience to arid conditions at the molecular level.
Despite the direct interaction of nanoparticles with plant cells, they can modulate the
expression of stress-responsive genes. This modulation subsequently triggers a cascade of
defense mechanisms and adaptable responses, ultimately enhancing the plants’ capacity to
tolerate drought [202,210,235]. Notably, the impact of ZnO-NPs on crucial genes associated
with the abscisic acid (ABA) signaling pathway, pivotal in plant water stress responses, has
been investigated. ZnO-NPs facilitate ABA-dependent pathways, thereby aiding in the
closure of stomata. Consequently, this closure reduces water loss through transpiration,
conserving water during drought stress [107,236].

Furthermore, ZnO-NPs influence the gene that encodes the enzyme involved in os-
motic adjustment and proline biosynthesis. Alterations induced by ZnO-NP applications
lead to elevated proline levels, enhancing the plant’s water absorption capability. This aug-
mentation positively affects the plant’s water status and adaptability to drought conditions.
A critical perspective to consider is that utilizing ZnO-NPs derived from plants presents
an environmentally friendly and ecologically sustainable strategy to mitigate the adverse
effects of drought stress on agricultural practices [237–239]. The multifaceted advantages
of ZnO-NPs encompass the enhancement of chlorophyll function and antioxidant enzyme
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activity and the stimulation of stress-responsive genes, thereby fostering plant development
and augmenting drought tolerance [240].

3.6. Titanium Dioxide Nanoparticles (TiO2-NPs)

TiO2-NPs have demonstrated their potential as beneficial and promising tools in the
agricultural domain, primarily due to their positive effects on plant development, growth,
and stress tolerance capabilities [241,242]. Like other nanoparticles, TiO2-NPs can be syn-
thesized from plant extracts, revealing noteworthy growth rates, improved photosynthetic
plant efficiency, and enhanced antioxidant activities. A specific study involving tomato
plants highlighted that applying TiO2-NPs resulted in heightened chlorophyll content,
increased biomass, and elevated food production rates under drought conditions with
limited water availability [243–245]. Furthermore, TiO2-NPs have effectively alleviated
oxidative stress conditions caused by environmental adversities. These nanoparticles have
shown significant scavenging abilities against reactive oxygen species (ROS), which tend
to accumulate in plant tissues during drought conditions, detrimentally impacting plant
health, growth, and cellular integrity [246,247]. Salam et al. (2022) reported that treating rice
plants with TiO2-NPs reduced ROS levels, enhancing stress tolerance and augmenting crop
productivity, particularly in high salinity conditions [248,249]. The multifunctionality of
TiO2-NPs within plants positions them as valuable assets for promoting sustainable agricul-
tural growth. These nanoparticles can counteract the adverse effects of abiotic stressors on
plant physiology, fostering overall plant health and development [243]. This aspect assumes
greater significance in addressing global food security concerns by bolstering the resilience
of the agricultural sector. Over time, researchers have gained a more comprehensive
understanding of the underlying mechanisms and potential environmental implications
of utilizing TiO2-NPs in agronomy [244,250,251]. TiO2-NPs derived from natural plant
materials offer promising attributes for enhancing plant growth, fortifying antioxidant
defense mechanisms, and optimizing photosynthetic efficiency under stressful conditions.

3.7. Nanoparticle–Plant Interactions: Mechanisms of Uptake, Translocation, and Implications for
Agricultural Applications

It is important to note that the scholarly discussion about how nanoparticles enter
and move through different crops is based on specific plant species and nanoparticle types,
which have already been discussed in a thorough review. The root system is a significant
way that nanoparticles can be taken up by more than one crop. When a plant’s roots take
Silver Nanoparticles in, they help it take in more water and change how genes that respond
to stress work. This happens in plants like Sorghum (Sorghum bicolor L.) and Corn (Zea
mays L.). Nanoparticles move through plants in two main ways: Apoplastic and symplastic.
Wheat (Triticum aestivum L.) roots can grow better during drought because of these routes.
The leaf can also take in nanoparticles like Titanium Dioxide or Silica through foliar uptake.
Potato (Solanum tuberosum L.) plants can keep more water and make more food by spraying
Titanium Dioxide Nanoparticles on them as a fog.

The xylem and phloem of plants help nanoparticles move over long distances. Zinc
oxide nanoparticles that travel through the xylem to other parts of the plant help control
stress hormones and enzymes that fight free radicals. Using nanoparticles like Iron Oxide
and Copper Oxide has been shown to improve how well spinach (Spinacia oleracea) uses
water and how much chlorophyll it has and to make lettuce (Lactuca sativa) more resistant
to water stress. The physicochemical features of the nanoparticles and the environment
change how these complicated dynamics work. Silica is found in rice (Oryza sativa). The
size and charge on the surface of nanoparticles affect how they are taken in and distributed,
making cell walls stiffer and helping them keep water.

Nanoparticle uptake and movement inside the plant depend on the type of nanoparti-
cle and crop type. Nanoparticles like silver, gold, and zinc oxide have been shown to affect
Sorghum, Corn, and Wheat differently, depending on whether they are taken in through
the roots or the leaves and whether they move through apoplastic or symplastic paths.
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Scientists from different fields must work together to fully understand how nanoparticles
and plants interact. This is because physical and environmental factors also affect this
complex interaction. Understanding this is important to make nanoparticles useful in
sustainable agriculture and improve risk assessment procedures.

These qualities make them valuable instruments in the field of agronomy. Figure 1
shows that despite these promising results, further research using well-planned experi-
ments is essential to guarantee the safety and efficacy of introducing NPs into agricultural
methods [252–254].
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4. Mechanisms of Nanoparticle-Mediated Drought Stress Alleviation

These methods guarantee reproducible, practical, and optimized results. The essential
laboratory method of in vitro culture requires a precise sequence of steps [103,255,256].
One must avoid contamination by carefully selecting and sterilizing explants based on
plant tissue type. Each plant species has different nutritional needs, so the culture medium
includes nutrients, vitamins, and plant growth regulators [257,258]. The explants are first
placed on the culture medium, and subculturing ensures growth and differentiation. Shoot,
root, and somatic embryo regeneration requires precise hormonal balances. Finally, acclima-
tization helps regenerated plantlets adjust to life outside the lab. Modern cryopreservation
uses multiple methods to preserve plant genetic resources. Most plans use vitrification and
controlled freezing. Ice crystals can damage cells, but controlled freezing can reduce them,
as shown in Table 5 [210,259,260].
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Table 5. Multifaceted Mechanisms of Nanoparticle-Induced Drought Resilience in Agriculture”.

Mechanism Description Example
Nanoparticles Potential Applications References

Water Retention

Nanoparticles can enhance soil’s
water-holding capacity, thus
reducing water loss during
periods of drought.

Hydrogel, Clay Crop growth and
development [261,262]

Nutrient Delivery

Nanoparticles can encapsulate
and deliver essential nutrients to
plants, ensuring optimal growth
even in water-scarce conditions.

Chitosan, Silica Crop Growth, Soil
Health [263,264]

Stress Signal
Modulation

Nanoparticles can be engineered
to interact with plant signaling
pathways, helping plants
manage drought stress better.

Gold, Silver Plant Stress
Management [265,266]

Controlled Irrigation

Nanoparticles can be used in
innovative irrigation systems to
respond to soil moisture levels
and provide controlled and
efficient water delivery.

Polymer-based Precision Agriculture,
Water Saving [267,268]

Enhanced Root Growth

Specific nanoparticles can
promote root growth, allowing
plants to access deeper water
sources and better withstand
drought conditions.

Carbon Nanotubes Agriculture,
Reforestation [266,269,270]

Photoprotection

Nanoparticles can shield plants
from excessive sunlight, which
often accompanies drought
conditions, thereby reducing
stress and damage to the plant.

Titanium Dioxide Sun Protection for
Plants [271,272]

Stimulating
Microorganisms

Nanoparticles can foster the
growth of beneficial soil
microorganisms, enhancing soil
structure and increasing water
retention capacity.

Zinc Oxide Soil Health, Microbial
Enhancement [273,274]

Vitrification prevents ice formation by rapidly cooling water to a glass-like state.
Cryopreservation requires pretreatment, dehydration, cryoprotectant exposure, cooling,
storage, and recovery. These processes must be balanced to preserve cryopreserved ma-
terials [7,275,276]. Many germplasm preservation scenarios are addressed using different
methods. Stored cultures are kept at lower temperatures and light levels to slow metabolism.
Gel beads or artificial seeds protect explants from drying or damage during encapsulation.
As mentioned, cryopreservation allows long-term storage. Tissue culture and field gene
banks preserve plant diversity in vitro and in nature [6,277].

Innovation advances these methods while following established procedures ensures
confidence in comparisons. Automation, bioreactors, and gene editing revolutionize
horticulture [69,278]. Protocols with molecular markers and omics data optimize culture
conditions and genetic stability. New horticulture uses complex methods and strategies.
They underpin plant propagation, conservation, and biotechnology advances. Researchers
and practitioners are about to revolutionize horticulture by combining established protocols
with novel approaches to improve plant production, protection, and genetic enhancement,
as shown and described in Figure 2 and Table 6 [279–281].
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Table 6. Effect of Nanoparticle-Mediated Drought Stress Alleviation in Food Crops and
Economic Impact.

Food Crop Drought Stress
Effect without-NPs

Drought Stress
Effect with Phyto-
Synthesized-NPs

Physiological
Impact Economic Impact References

Triticum aestivum Yield decrease
(altered metabolism

Enhanced growth
improved
metabolism

Improved root
development, leaf
structure

Increased market
value, reduced
losses

[106,282]

Oryza sativa Grain size reduction
(nutrient deficiency

Increased grain size
improved nutrient
content

Improved nutrient
uptake, enhanced
growth

Cost-effective
production, higher
profits

[103,283]

Zea mays Stunted growth
yield reduction

Enhanced growth
rate increased yield

Increased
photosynthetic
efficiency

Enhanced export
potential [284,285]

Glycine max
Delayed flowering
reduced protein
content

Timely flowering,
improved protein
content

Improved seed
quality, faster
maturation

Improved price
competitiveness [286,287]

Solanum
lycopersicum

Reduced fruit size,
loss of flavor

Improved fruit size
enhanced flavor

Enhanced taste,
nutritional value

Reduced spoilage,
better market
reception

[288–290]

Hordeum vulgare
Yield reduction
(20%), decreased
enzyme activity

Yield increase (30%),
normalized enzyme
activity

Increased disease
resistance

Better yield,
economic
efficiency

[291–293]

Lactuca sativa
Slow growth
reduced vitamin
content

Accelerated growth
enhanced vitamin
content

Improved texture,
taste

Increased
consumer
acceptance

[294–296]
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Table 6. Cont.

Food Crop Drought Stress
Effect without-NPs

Drought Stress
Effect with Phyto-
Synthesized-NPs

Physiological
Impact Economic Impact References

Solanum tuberosum Reduced tuber size
delayed harvest time

Increased tuber size
on-time harvest

Enhanced tuber
quality, uniformity

Higher market
value, reduced
wastage

[297–299]

Helianthus annuus Reduced seed yield
decreased oil content

Increased seed yield
enhanced oil content

The improved oil
quality, seed vigor

Improved
production
economics

[300–303]

Arachis hypogaea
Reduced pod size,
lower protein
concentration

Improved pod size
increased protein
concentration

Improved seed
germination, growth

Enhanced
processing
efficiency

[302,304–306]

Avena sativa
Reduced grain yield
decreased nutritional
value

Increased grain yield
enhanced nutritional
value

Enhanced resistance
to drought, pest

Reduced
production costs,
increased demand

[307,308]

Prunus dulcis Reduced nut size,
lower oil quality

Improved nut size
increased oil quality

Improved tree
health, nut quality

Improved export
potential, price
stability

[309–311]

Malus domestica
Reduced fruit
quality delayed
ripening

Improved fruit
quality on-time
ripening

Enhanced taste,
appearance

Increased market
acceptance,
demand

[312,313]

4.1. Enhancement of Seed Germination and Seedling Growth

Phyto-synthesized NPs are specifically engineered to regulate seed germination and
enhance seed growth during dry weather by facilitating water uptake and modulating
osmotic regulations [314]. For example, silver nanoparticles synthesized from plant extracts
are pivotal in promoting seed germination and crop growth [315]. The underlying mecha-
nism of these NPs involves nutrient absorption from the soil and subsequent translocation
to the plant’s stems, branches, and leaves, even under drought stress. This process aids
in osmotic adjustments as well [316]. Despite limited water resources, the nanoparticles
expedite water absorption and retention within plant tissues, supporting seed germination
and early seedling development.

Furthermore, these nanoparticles contribute to maintaining essential turgor pressure
and optimizing cellular functions, which are critical for the survival and progression of
plants facing drought-induced conditions. A notable example is the utilization of silver
nanoparticles (Ag-NPs) derived from plant extracts. Research confirms that these silver
NPs significantly enhance seed germination rates and stimulate seedling growth across
various cultivated species when subjected to drought stress [148,317,318]. This observation
implies that Ag-NPs hold the potential to serve as a promising tool for enhancing plantlet
establishment and initial growth, particularly in regions susceptible to water scarcity or
erratic precipitation patterns. While this field of inquiry is still relatively nascent, it is
essential to acknowledge the need for additional studies to comprehensively elucidate the
fundamental mechanisms and potential environmental consequences associated with using
phyto-synthesized NPs to bolster plant growth under drought-induced stress [214,319,320].
Nonetheless, the results are promising and underscore the potential for sustained agro-
nomic improvements that could augment yield productivity in challenging environmental
conditions. Continued research efforts and meticulous assessments will be indispensable
in fully harnessing the benefits of these innovative NPs for agronomic processes while
mitigating potential adverse effects on the environment and human health [321,322].
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4.2. Improvement of Water Relations

In recent research, there has been a growing interest in exploring the potential im-
pacts of using phyto-synthesized NPs as an innovative and biodegradable approach to
understanding various aspects of plant physiology. This approach becomes particularly
relevant when addressing ecological challenges such as water scarcity [323,324]. One
particularly dynamic aspect that has garnered considerable attention is the influence of
phyto-synthesized NPs on water-related processes within plants. Through strategic utiliza-
tion of phyto-synthesized NPs, researchers have uncovered compelling evidence of their
positive effects on vital water-related pathways [325]. These effects include enhanced water
utilization efficiency and the maintenance of turgor pressure within plant cells. Fe3O4-NPs
have demonstrated favorable outcomes for strengthening drought-induced water retention
in plants. These Fe3O4-NPs can augment hydraulic root conductivity, effectively facilitating
the efficient uptake and movement of water throughout the plant structure [251,326].

Consequently, plants treated with Fe3O4-NPs have improved water utilization effi-
ciency, enabling them to manage available water resources effectively, even under drought-
stress conditions [202,327]. The implications of these recent findings are both extensive
and profound, particularly in the realm of agriculture. Effective water retention can
significantly impact crop yield and overall productivity. By harnessing the potential of
phyto-synthesized NPs, farmers and agronomists in water-scarce regions could adopt a
sustainable and ecologically sound strategy to enhance crop resilience and mitigate the
adverse effects of water deficiency. It has the potential to completely transform farming
methods, making them resilient even in arid environments [119,328].

However, despite the remarkable outcomes observed, it is essential to acknowledge
that the application of phyto-synthesized NPs in plant systems is still developing. Many
aspects require further investigation. A comprehensive understanding of the fundamental
mechanisms underlying the interaction between nanoparticles and water is imperative.
Furthermore, long-term studies must assess the potential biological effects and unintended
consequences of widespread nanoparticle use in agricultural settings [329–331]. Neverthe-
less, these endeavors collectively indicate that phyto-synthesized NPs possess tremendous
potential as a cutting-edge and practical approach to addressing plant water stress. As
researchers delve deeper into this captivating field of study, it is anticipated that integrat-
ing nanotechnology into crop cultivation will contribute to sustainable and robust crop
production methodologies, ultimately advancing global initiatives to ensure food security
and ecological sustainability. Phyto-synthesized-NPs promise to ameliorate plant–water
relations during drought stress by enhancing water utilization efficiency and maintain-
ing turgor pressure/For instance, Fe3O4-NPs have been demonstrated to elevate root
hydraulic conductivity and improve water use efficiency in plants subjected to drought
stress [115,294,297–299].

4.3. Stimulation of Photosynthesis and Chlorophyll Content

The stimulation of chlorophyll and photosynthesis within plant cells using phyto-
synthesized NPs has garnered significant attention in recent years due to its potential
implications for environmental and agricultural sustainability. Photosynthesis is the fun-
damental process by which plants convert light energy into chemical energy, crucial for
their growth and development. At the same time, carbon fixation plays a pivotal role in
global ecosystems [119,316,328]. During environmental challenges like drought, plants
often encounter reduced photosynthetic rates and chlorophyll degradation, leading to
diminished growth and productivity. However, research indicates that applying phyto-
synthesized NPs can ameliorate these detrimental effects and enhance photosynthetic
efficiency [1,2,185,332–334].

Moreover, phyto-synthesized NPs possess inherent antioxidant properties, which aid
in combating the harmful impacts of reactive oxygen species (ROS) that accumulate during
drought conditions. ROS can induce oxidative harm to cellular components, including
photosynthetic pigments and chloroplasts. By neutralizing the effects of these harmful
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radicals, NPs can safeguard chlorophyll molecules from degradation and sustain optimal
chlorophyll content within plant leaves [316,328,335]. Phyto-synthesized NPs have been
found to modulate gene expression associated with photosynthesis, resulting in an upreg-
ulation of essential proteins and enzymes responsible for enhancing the photosynthetic
rate. This molecular regulation improves photosynthetic efficiency even under adverse
environmental conditions [336,337].

Phyto-synthesized NPs, such as ZnO-NPs, affect photosynthesis and chlorophyll lev-
els differently. The outcomes may depend on nanoparticle concentration, size, and the
particular plant species under investigation. As a result, further research is essential to
elucidate the mechanisms of action of different NPs and their specific interactions with
diverse plant systems, thereby enhancing their applications for promoting photosynthe-
sis [156,224,338]. The potential of phyto-synthesized NPs to modulate photosynthesis
and improve chlorophyll content holds significant promise for ecologically sustainable
agriculture and environmental remediation. By boosting plant growth and stress tolerance,
these nanoparticles could mitigate the adverse impacts of water scarcity, climate change,
and other ecological challenges on crop yields and environmental well-being. Despite the
promising research in the nanoparticle field, comprehensive studies are required to assess
the long-term effects, safety considerations, and practical applications of these nanoparti-
cles in real-world agricultural and ecological contexts [202]. Phyto-synthesized NPs can
enhance plants’ photosynthesis and chlorophyll content to enhance drought tolerance by
optimizing the photosynthetic process and safeguarding chloroplasts against oxidative
damage. For instance, ZnO-NPs have been shown to elevate chlorophyll content and
improve photosynthetic efficiency in drought-stressed plants [165,320,328].

4.4. Induction of Antioxidant Defense Systems

Researchers have been increasingly interested in exploring the potential of phyto-
synthesized NPs to mitigate the adverse effects of drought stress on plants. Recent studies
have highlighted the beneficial effects of these NPs in inducing antioxidant defense systems
in plants [339]. Among the different NPs studied, Au-NPs and TiO2-NPs have shown
promising results in enhancing the activities of essential antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX), when plants
are exposed to drought stress [340–342]. The induction of antioxidant defense systems
by phyto-synthesized NPs is a significant development in plant stress tolerance research.
These NPs help plants counteract the harmful effects of reactive oxygen species (ROS)
generated during drought stress, thereby reducing overall oxidative stress levels [343,344].

Consequently, plants exhibit improved growth, development, and survival even
under water-limited supply. The exact mechanisms behind the NPs-induced activation
of antioxidant defense systems require further investigation. Nevertheless, the findings
indicate promising prospects for developing sustainable strategies to enhance plant drought
tolerance [209]. Further research and exploration in this field will likely provide novel
insights and practical applications for sustainable crop production and environmental
conservation [256,345].

4.5. Regulation of Plant Hormones

Recently, interest in controlling plant hormones with phyto-synthesized NPs to im-
prove plants’ capacity to withstand drought stress has been increasing. Researchers have
determined the critical functions of various plant hormones in the responses of plants
to stress, including abscisic acid (ABA), salicylic acid (SA), and jasmonic acid (JA). The
amounts of these hormones can be influenced by phyto-synthesized NPs when plants
are stressed by drought, potentially causing the plants to respond [256,345,346]. Due
to their numerous applications in industries, including agriculture and environmental
cleanup, phyto-synthesized NPs have emerged as a promising study field, which also plays
a significant role in plant hormonal regulations [3,347,348].
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Recently, interest has increased in employing phyto-synthesized NPs to regulate
plant hormones and improve plants’ resistance to drought stress. These nanoparticles
are made from plant extracts, which serve as sustainable and eco-friendly reducing and
stabilizing agents, providing a more environmentally friendly option to conventional
chemical processes [67,349]. The passage also emphasizes the crucial functions of abscisic
acid (ABA), salicylic acid (SA), and jasmonic acid (JA) as essential participants in how
plants react to stress. These phyto-synthesized NPs can remarkably regulate the levels of
these hormones in response to drought stress, which may lead to the onset of adaptive
responses in plants. Abscisic acid (ABA) has a significant and multifaceted function in
how plants respond to stress, particularly in drought-like conditions. Controlling stomata
closure, which aids plants in water conservation by lowering transpiration, is one of its
primary roles [3,341,345–348]. When plants are under drought stress, phyto-synthesized
NPs can help them conserve water by boosting the levels of ABA. As a signaling molecule,
ABA also affects the expression of several genes involved in the stress response. This
complex gene regulation system improves the plant’s capacity to withstand and respond to
adverse environmental conditions, ultimately fostering drought resistance [28]. Although
salicylic acid (SA) is widely established to protect plants from biotic stresses, it has recently
attracted interest for its ability to help plants in abiotic and drought stresses [2–4,346].

Previous research shows that salicylic acid (SA) protects plants against drought-related
damage. It can be affected by phyto-synthesized NPs. For plants to appropriately re-
spond to water constraints, a sophisticated signaling network formed by SA and other
stress-related hormones is necessary [5,350]. Jasmonic acid (JA), particularly in drought
adaptation, is a crucial aspect of the plant’s toolset for managing stress. A series of reactions
brought on by regulating JA levels by phyto-synthesized NPs activate genes and signaling
pathways linked to drought responses. As a result, the plant can better manage water
scarcity and endure adverse environmental circumstances. A fascinating area of study is the
relationship between phyto-synthesized NPs and JA signaling, which has the potential to
lead to the development of brand-new, ground-breaking techniques for improving drought
tolerance in plants and advancing environmentally friendly farming methods, as shown in
Figure 3 [324,351].
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5. Plant Proteomics and Gene Expression Regulation of Drought Response
by Nanoparticles

Nanoparticles like metal nanoparticles (like Silver Nanoparticles), silicon nanopar-
ticles, and carbon nanoparticles (like Carbon Nanotubes) significantly affect how plants
react to drought stress at the molecular level. The complicated chemical processes can
be summed up by saying that silver nanoparticles can cause oxidative stress by making
ROS. On a molecular level, they may raise the expression of genes that code for antioxidant
enzymes like SOD and CAT. This makes these protective proteins more active. Silicon
nanoparticles interact with guard cells in the stomata. At the level of molecules, this ex-
change can change how ion channels work and signals are sent. This can lead to better
control of the stomata and less water loss. At the molecular level, carbon nanoparticles,
especially carbon nanotubes, can stimulate the production of genes that respond to stress.
They may increase the activity of transcription factors like DREB and MYB, which then
turn on genes that help the cell deal with stress.

The effect of nanoparticles on plants’ proteome and gene expression during drought
stress is an important research topic. Intricate molecular modifications, such as those
affecting nano clays, nano iron oxide, and nano-silica, are essential to understanding these
effects. Nano clays, for instance, have been shown to alter proteomes in plants. The
overexpression of stress-related proteins such as LEA and chaperones may be involved
at the molecular level. Protein modifications like this aid plants in resisting the cellular
stress brought on by drought. Nano-sized iron oxide particles change the way soil absorbs
nutrients. This may entail alterations in the expression of genes involved in nutrition
transport and assimilation at the molecular level. This guarantees that plants can obtain
the nutrients they need despite poor conditions. Potential epigenetic alterations induced
by silica nanoparticles in plants are being studied. Molecular modifications, such as those
to DNA methylation and histone acetylation patterns, can have long-term effects on gene
expression. Incorporating these case studies of nanoparticles into the headers provides a
more nuanced understanding of the molecular-level interactions between nanoparticles and
plants. Stress from drought has caused this. This has ramifications for various physiological
processes and adaptive behaviors in plants.

6. Potential Risks and Challenges Associated with the Use of Phyto-Synthesized NPs
in Agriculture

Using various phyto-synthesized NPs in agriculture provides exciting opportunities
to increase crop yield and advance sustainable farming. However, the promise also raises
significant issues that we must deliberately address. Concerns about their possible envi-
ronmental impact and potential harm to organisms that are not their targets are among
the main ones [119,352]. Conducting in-depth studies and implementing efficient laws to
ensure safe and responsible use is critical. Investigating the long-term impacts of these
nanoparticles on soil health and the emergence of resistance in agricultural systems is also
necessary [60,353,354].

Moreover, we must consider how small-scale farmers can use and finance this technol-
ogy and the importance of public perception and education for its widespread acceptance.
Phyto-synthesized NPs can be beneficial in developing sustainable agriculture by proac-
tively resolving these issues and encouraging ethical behaviors. To maximize the potential
of this novel farming strategy, a balance must be struck between utilizing their advantages
and reducing potential risks and challenges, while employing mitigation strategies of using
phyto-synthesized NPs in agriculture (Table 7) [119,355–357].
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Table 7. Risks, Challenges, and Mitigation Strategies of Using Phyto-Synthesized Nanoparticles
in Agriculture.

Aspect Risks and Challenges Mitigation Strategies References

Food Crops 1. Toxicity: Possible toxicity to plants and soil
organisms.

Monitoring nanoparticle
concentration. [358,359]

2. Bioaccumulation: Risk of nanoparticles
accumulating in edible parts of plants.

Researching appropriate materials
and sizes. [360,361]

3. Environmental Impact: Uncontrolled
dispersion in the environment.

Implementing controlled release
mechanisms. [362,363]

Drought Management 1. Efficiency: Uncertain efficiency in drought
resistance.

They are conducting thorough field
tests. [364,365]

2. Long-term Effects: Unknown long-term
impacts on soil health.

Continuous monitoring and
adapting practices. [366,367]

3. Regulatory Compliance: Legal and regulatory
considerations.

They are ensuring compliance with
local regulations. [368,369]

6.1. Toxicisty to Non-Target Organisms

As a popular choice for agricultural usage, phyto-synthesized NPs have attracted
considerable attention for their promising capacity to increase plant growth and stress
tolerance. As with any new technology, properly assessing dangers posed to agroecosystem
non-target creatures is crucial [370]. Responsible use of these phyto-synthesized NPs in
agricultural techniques requires weighing their potential advantages against the need to
protect the ecosystem. Because of their tiny size and unique features, nanoparticles can
interact with living systems differently than larger particles or bulk materials, which raises
concerns [371]. When used in farming environments, phyto-synthesized NPs may be
ingested by plants and then transferred through the food chain to other creatures, including
unintended ones. This prospect necessitates careful investigation and assessment of the
potential effects on the ecology of employing these nanoparticles in agriculture [372]. For
this technology to be used responsibly and sustainably, it is imperative to understand how
these nanoparticles function in living systems. These nanoparticles can have a variety of
consequences on species that are not their intended targets, depending on their composition,
concentration, and duration of exposure. The overall productivity and sustainability of the
agroecosystem might be disrupted, for instance, if soil microorganisms that are crucial for
nutrient cycling and soil health are adversely impacted [373].

Similarly, beneficial insects that act as pollinators or natural predators of pests may
suffer direct or indirect effects from coming into contact with these nanoparticles. To ensure
responsible use in agriculture and safeguard the delicate ecosystem balance, we evaluate
these potential effects. Further investigation is required to fully assess the possible toxicity
of phyto-synthesized NPs to non-target organisms to ensure their safe and responsible
use in agriculture. Before adopting large-scale applications, it is crucial to conduct risk
assessments, carefully weighing both the short- and long-term repercussions [114,374–377].
Measures should be taken to reduce any dangers to achieve a balance between using phyto-
synthesized NPs advantages for plant development and stress tolerance and safeguarding
the agroecosystem’s fragile ecological balance. To achieve this equilibrium, eco-friendly
behaviors must be emphasized. By adopting a cautious and informed approach, we can
protect the environment and non-target creatures while ensuring that using various phyto-
synthesized nanoparticles in agriculture is both efficient and sustainable [374,375,378].

6.2. Impact of Phyto-Synthesized Nanoparticles on Water Tables and Groundwater Quality
in Agriculture

The widespread use of Phyto-synthesized nanoparticles (NPs) in agricultural activities
may significantly affect water tables and groundwater quality. A study on their use in
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agriculture highlights the possible impact of phyto-synthesized NPs on groundwater levels.
This has significant consequences for the future of agricultural water supplies [323]. Long-
term exposure of agricultural areas to these nanoparticles raises serious concerns because of
the potential for their penetration into the soil and subsequent leaching into groundwater.
Subterranean particle movement and behavior may be affected by the introduction of
phyto-synthesized NPs, which may change the soil’s physicochemical features [374]. This
phenomenon’s possible influence on groundwater quality is the most pressing concern.
Water chemistry may be altered due to interactions between these nanoparticles and miner-
als and organic matter in the soil as they move through the soil profile [379]. Groundwater
quality in these agricultural regions may suffer significantly if these changes are allowed to
occur. A further concern is that nanoparticles in groundwater may upset the equilibrium
of microbial communities in aquifers. In groundwater ecosystems, microorganisms are
crucial to nutrient cycling and water filtration [380]. These vital ecosystem services may be
compromised by the persistence of NPs in these habitats, reducing microbial diversity and
abundance. A thorough evaluation of the possible impact on water tables and groundwater
quality is necessary since phyto-synthesized NPs show promise in many agricultural appli-
cations, such as crop protection and nitrogen control [381]. Careful risk assessment and
management are essential for the benefits of NP used to outweigh the hazards they cause
to water supplies and the environment [382]. A careful equilibrium between utilizing the
benefits of phyto-synthesized NPs and protecting the stability of water tables and ground-
water quality in agricultural regions is required to promote responsible and sustainable
farming activities [383–385].

6.3. Environmental Fate and Transport

Due to their rising utilization and potential ecological effects, there has been a signifi-
cant interest in researching the environmental fate and transportation of phyto-synthesized
NPs in recent years. Understanding how phyto-synthesized NPs act in the environment
becomes crucial to judging potential hazards [386]. According to previous studies, phyto-
synthesized NPs can penetrate the soil profile and even reach subsurface water reservoirs.
Further worries regarding water pollution are raised because they have access to numerous
water bodies. For informed application decisions and to ensure the protection of our natural
resources, it is crucial to comprehend how these nanoparticles behave in the environment.
Numerous factors affect phyto-synthesized NPs’ rate and transport, such as their stability,
surface charge, and physicochemical properties [387].

Moreover, ecological conditions, including pH levels, soil type, and moisture content,
play an essential role in their performance. Though nanoparticles move through diverse
environmental situations, they can intermingle with many other organisms and are also
interlinked with biochemical processes, promoting potential ecosystem modifications [388].
Notwithstanding the critical development in this field, holes linger in our understanding
of the long-lasting performance and probable impacts of phyto-synthesized NPs in the
environment. Additional widespread studies are required to determine their future, rela-
tions, and perseverance on different environmental grounds. This evidence is important
for emerging actual danger calculations and managing policies to defend living organisms
and the environment from harmful things allied with the practice of phyto-synthesized
NPs [103,106,283].

7. Future Research Directions and Recommendations

Future research on phyto-synthesized NPs has enormous promise for improving agri-
culture and tackling issues with global food security. These nanoparticles, made from plant
extracts, have the extraordinary potential to encourage plant growth, increase stress toler-
ance, and improve nutrient intake. We must examine numerous critical research paths and
suggestions before profiting from these phyto-synthesized NPs in agriculture [185,332,386].
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7.1. Optimizing the Synthesis and Application of Phyto-Synthesized NPs

The development of phyto-synthesized NP synthesis is a significant topic that needs
more study. Although a method for producing these nanoparticles currently exists, sci-
entists should concentrate on developing more effective, stable, and environmentally
acceptable agricultural versions [389]. To do this, we must investigate fresh ideas and
strategies for optimizing the synthesis procedure to produce higher yields and higher-
caliber nanoparticles. It would also be very beneficial to research how various elements,
such as plant species, extract concentrations, and reaction circumstances, affect the syn-
thesis of NPs. We may streamline the procedure and ensure we consistently and reliably
create these nanoparticles for agricultural use consistently and reliably by comprehending
these elements [83]. Understanding how phyto-synthesized NPs promote plant growth
and stress tolerance is another crucial topic that requires research. Our main goal should
be to study the interactions between these nanoparticles and plant cells and how they
affect different physiological and biochemical pathways. This understanding allows us to
create nanoparticles suited for various applications [16]. Scientists can use cutting-edge
approaches, including genomics, proteomics, and metabolomics, to explore the complex
molecular processes of boosting plants with NPs. It is critical to evaluate the potential
environmental effects of phyto-synthesized NPs because their use in agriculture is growing.
As we investigate more extensive services for these nanoparticles in farming and other
processes, we must ensure they are secure and sustainable [390].

Further research is required to evaluate the effects of these nanoparticles on soil health,
water purity, and other ecosystem creatures that are not the primary targets. Scientists
may ensure that using phyto-synthesized NPs is consistent with sustainable agriculture
methods and prevents unintentional ecological disruptions by understanding the broader
ecological ramifications. It is also critical to address the issue of scaling up nanoparticle pro-
duction [391]. A more profound knowledge of these nanoparticles’ benefits and limitations
can be attained by assessing how well they perform regarding crop output, nutrient uptake,
and stress resistance in various environmental settings and farming methods. Farmers
and politicians who want to include phyto-synthesized NPs in their agricultural practices
might benefit significantly from the findings of these comparative studies as excellent
recommendations [80,330].

7.2. Elucidating the Mechanisms of Action of Phyto-Synthesized NPs

In recent years, phyto-synthesized NPs have gained recognition as a promising ap-
proach for transforming agriculture by enhancing plant development and stress tolerance.
The sustainable green synthesis of NPs using plant molecules efficiently replaces conven-
tional chemical processes. Phyto-synthesized NPs hold much promise, but it is essential
to comprehend the intricate mechanisms underlying their beneficial effects on plants. Ac-
cording to recent studies, creating nanoparticles from metal ions involves using various
plant parts, including leaves, roots, stems, and flowers [358,360,361]. These plant extracts
contain a variety of phytochemicals, including flavonoids, polyphenols, alkaloids, and
proteins, which function as reducing and stabilizing agents to create NPs with distinctive
physicochemical properties. These NPs may easily be absorbed by plant tissues after being
generated, either through root absorption or foliar application, and then transported to
various plant organs where they exert their positive effects. According to studies, the
phyto-synthesized (NP) size, shape, and surface charge are crucial factors in cellular inter-
nalization and the reactions that follow in plant cells [156,338,343,344].

Plant growth and development are facilitated by the modulation of various physio-
logical and biochemical processes at the cellular level by phyto-synthesized NPs. Phyto-
synthesized NPs, for instance, can boost root and shoot length, accumulate biomass, and
encourage overall plant growth, among other things. The presence of phyto-synthesized
NPs in the rhizosphere also affects root architecture by encouraging the development
of lateral roots and the proliferation of root hairs, improving nutrient and water uptake
efficiency. Additionally, phyto-synthesized NPs have been shown to modify the activ-
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ity of enzymes involved in antioxidant defense mechanisms, reducing the cellular dam-
age brought on by oxidative stress. Plants treated with NPs, therefore, show increased
resistance to abiotic stressors like drought, salt, heavy metal toxicity, and temperature
fluctuations [119,202,326,327].

Additionally, plants exposed to NPs have demonstrated improved resistance to various
biotic stressors, including infections caused by bacteria, fungi, and viruses. Understanding
these cellular reactions to optimize NP applications in agriculture and customize them
to particular crop and stress settings is essential. Furthermore, the signaling pathways in
plants activated by phyto-synthesized NPs are also interesting [309,311].

7.3. Investigating Long-Term Effects and Potential Risks

Long-term research is essential to fully evaluate the possible dangers related to the
use of phyto-synthesized NPs in agriculture. While this preliminary study suggests that
phyto-synthesized NPs have positive benefits, further research is necessary to identify
any unforeseen effects that might develop in the future. These in-depth investigations
ought to concentrate on assessing how phyto-synthesized NPs affect the health of the
soil, unintended organisms, and the functioning of the ecosystem as a whole. It is cru-
cial to comprehend how phyto-synthesized NPs affect the condition of the soil. As the
foundation of agricultural systems, soils support plant development and the cycling of
nutrients [6,322,332]. Although preliminary findings may point to beneficial effects on soil
properties, such as increased nutrient availability or improved water retention, prolonged
exposure may change the soil’s microbial community and nutrient dynamics, impacting
crop productivity and soil fertility [25]. Ag-NP treatments had positive short-term effects
on some soil parameters. Still, long-term exposure led to decreased soil microbial diversity
and altered enzyme activity, raising concerns about the long-term health and fertility of the
soil [85]. Long-term studies must include an analysis of the impact of phyto-synthesized
NPs on non-target organisms in the agroecosystem. These species—beneficial insects, polli-
nators, earthworms, and other fauna—are crucial for maintaining ecological balance [77].
The possible influence of phyto-synthesized NPs on the general health of ecosystems must
also be considered in long-term investigations.

Plants, animals, microbes, and abiotic elements interact in intricate networks in agri-
cultural systems. Introducing new materials, such as NPs, into these systems may upset
the delicate balance of ecosystem dynamics [316]. Copper oxide nanoparticles (CuO-NPs)
made from plant extracts were the subject of a ten-year study by Qamer et al. (2021) that ex-
amined how they affected an agricultural ecosystem. The study found that while CuO-NPs
initially increased agrarian yields, prolonged exposure caused changes in soil microbial
communities, decreased plant variety, and impacted insect populations, which reduced the
resilience of the ecosystem as a whole [119,330,392]. Long-term research should consider
and propose mitigation measures to mitigate negative impacts and assure sustainable usage
of phyto-synthesized NPs in agriculture in light of these potential dangers. Based on the
study’s findings, specific tactics might be suggested, including implementing buffer zones,
optimizing NP application rates, and choosing plant species with a low environmental
impact. Phyto-synthesized NPs can be used responsibly and intelligently to the fullest
extent possible to develop resilient and environmentally friendly agricultural systems [330].

7.4. Developing Guidelines and Regulations for the Safe Use of Phyto-Synthesized NPs
in Agriculture

Due to its potential to drastically improve crop productivity and pest control, phyto-
synthesized NPs have attracted much interest in the agricultural sector. These phyto-
synthesized NPs are environmentally friendly substitutes for typical chemical inputs
because they utilize environmentally friendly processes incorporating plant extracts [80].
Despite their apparent benefits, their extensive usage raises questions about potential
environmental and public health hazards, demanding detailed policies and regulations for
sustainable and safe use. One of the leading ecological hazards is the possible buildup of
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phyto-synthesized NPs in the soil, which may impact soil health and microbial commu-
nities [393]. Another concern is the runoff of NPs into water bodies, which could cause
aquatic toxicity and disturb marine ecosystems.

Additionally, a careful examination of phyto-synthesized NPs’ effects on non-target
organisms, such as beneficial insects and birds, is necessary to guarantee their safety.
Occupational exposure for farmers and agricultural employees who handle NPs during
application is the primary source of worry regarding human health. In addition, concerns
about food safety are raised by the possibility that NPs could be absorbed by crops and
then enter the food chain [394]. Furthermore, one factor that must be carefully considered
to protect public health is indirect exposure to consumers who consume treated crops or
food items. It is crucial to design efficient solutions to reduce these hazards. One strategy
specifies safe dosages and application rates for phyto-synthesized NPs. Maximum levels of
NPs that can be used in agriculture must be set so that crops, the earth, and the environment
do not take damage in ways that were not expected [320,328,332].

Additionally, adding phyto-synthesized NPs to current Integrated Pest Management
(IPM) techniques can lower overall chemical inputs and improve those chemicals and
responsible applications. The monitoring protocol implementation is essential for the
ongoing evaluation of phyto-synthesized NP dispersion and potential environmental effects.
Regular soil, water, and air quality monitoring are required to track NP distribution and fate
in agricultural environments. Important information on the presence and potential effects
of phyto-synthesized NPs will also be provided by biomonitoring studies that examine
the accumulation of NPs in plants and other non-target organisms [15,395]. Rigorous
risk assessment frameworks must be used in addition to monitoring to assess the possible
threats to the environment and public health posed by phyto-synthesized NPs in agriculture.
Standardized methods for phyto-synthesized NP exposure evaluation can aid in evaluating
the effects of NPs on ecosystems.

In contrast, in-depth assessments of the possible health concerns of NP exposure for
consumers, agricultural workers, and farmers should be conducted. Phyto-synthesized
NPs show great promise as environmentally beneficial agrarian solutions. However, their
responsible adoption necessitates the creation of thorough rules and regulations [13,14,396].
The agricultural sector can take advantage of the advantages of nanotechnology while
preserving the environment and public health by addressing potential environmental and
human health risks by establishing appropriate application rates, monitoring protocols,
and conducting thorough risk assessments [12,397].

8. Conclusions

Encouraging outcomes for the use of phyto-synthesized NPs in agriculture have been
shown to reduce the negative impacts of drought stress on food crops. The importance
of green synthesis techniques, which use plant extracts to create nanoparticles, has been
highlighted in this review as an economical and environmentally responsible technique.
The many uses of phyto-produced NPs, including Ag-NPs, Au-NPs, Fe3O4 NPs, Cu-
NPs, ZnO-NPs, and TiO2-NPs, have shown their potential to improve plant growth and
biochemical characteristics under drought-stress conditions. According to the results
of numerous research studies, phyto-synthesized NPs can significantly enhance seed
germination and seedling growth, control water relations, promote photosynthesis, increase
chlorophyll content, and activate antioxidant defense mechanisms in plants under drought
stress. Additionally, these nanoparticles’ control of plant hormones offers a valuable
defense against the effects of drought stress and raises agricultural output. However, it
is essential to consider the dangers and difficulties that could arise from using phyto-
synthesized NPs in agriculture. The toxicity of these nanoparticles to non-target organisms
and their possible effects on soil health must be carefully considered. To avoid any adverse
impact on ecosystems, it is crucial to comprehend the environmental destiny and transit
of these phyto-synthesized NPs. Future research should concentrate on refining synthesis
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processes to boost nanoparticle stability and bioavailability to ensure the safe and efficient
deployment of phyto-synthesized NPs in agriculture.

Furthermore, it is critical to obtain a more precise knowledge of the underlying
mechanisms through which these phyto-synthesized NPs affect plants. Long-term re-
search is required to evaluate the persistence and potential cumulative impacts of phyto-
synthesized NPs in agroecosystems. Creating detailed policies and regulations for using
phyto-synthesized NPs ethically in agriculture is crucial. By doing this, it will be possible
to optimize positive effects while limiting negative ones on the environment, non-target
creatures, and human health. Especially in drought-stressed settings, incorporating phyto-
synthesized NPs in agricultural techniques holds considerable promise for sustainable crop
production. To fully realize the potential of these cutting-edge nanomaterials in agriculture
for a robust and secure future of food, however, more research, risk analysis, and policy
implementation are required.
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6. Kamińska, M.; Gołębiewski, M.; Tretyn, A.; Trejgell, A. Efficient long-term conservation of Taraxacum pieninicum synthetic seeds
in slow growth conditions. Plant Cell Tissue Organ Cult. PCTOC 2018, 132, 469–478. [CrossRef]

7. Bissoyi, A.; Kumar, A.; Rizvanov, A.A.; Nesmelov, A.; Gusev, O.; Patra, P.K.; Bit, A. Recent advances and future direction in
lyophilisation and desiccation of mesenchymal stem cells. Stem Cells Int. 2016, 2016, 3604203. [CrossRef] [PubMed]

8. Paidari, S.; Ibrahim, S.A. Potential application of gold nanoparticles in food packaging: A mini review. Gold Bull. 2021, 54, 31–36.
[CrossRef]

9. Silva, L.F.; Santosh, M.; Schindler, M.; Gasparotto, J.; Dotto, G.L.; Oliveira, M.L.; Hochella Jr, M.F. Nanoparticles in fossil and
mineral fuel sectors and their impact on environment and human health: A review and perspective. Gondwana Res. 2021, 92,
184–201. [CrossRef]

10. Verma, R.; Pathak, S.; Srivastava, A.K.; Prawer, S.; Tomljenovic-Hanic, S. ZnO nanomaterials: Green synthesis, toxicity evaluation
and new insights in biomedical applications. J. Alloys Compd. 2021, 876, 160175. [CrossRef]

11. Virmani, K.; Deepak, C.; Sharma, S.; Chadha, U.; Selvaraj, S.K. Nanomaterials for automotive outer panel components: A review.
Eur. Phys. J. Plus 2021, 136, 921. [CrossRef]

12. Van Greuning, H.; Bratanovic, S.B. Analyzing Banking Risk: A Framework for Assessing Corporate Governance and Risk Management;
World Bank Publications: Washington, DC, USA, 2020.

13. Vogt, J.V.; Naumann, G.; Masante, D.; Spinoni, J.; Cammalleri, C.; Erian, W.; Pischke, F.; Pulwarty, R.; Barbosa, P. Drought Risk
Assessment and Management: A Conceptual Framework; Publications Office of the European Union: Luxembourg, 2018.

https://doi.org/10.3390/su142416345
https://doi.org/10.3390/plants11131620
https://www.ncbi.nlm.nih.gov/pubmed/35807572
https://doi.org/10.1038/s41580-022-00479-6
https://doi.org/10.1016/j.stress.2022.100107
https://doi.org/10.1007/s11240-017-1347-8
https://doi.org/10.1007/s11240-017-1343-z
https://doi.org/10.1155/2016/3604203
https://www.ncbi.nlm.nih.gov/pubmed/27597869
https://doi.org/10.1007/s13404-021-00290-9
https://doi.org/10.1016/j.gr.2020.12.026
https://doi.org/10.1016/j.jallcom.2021.160175
https://doi.org/10.1140/epjp/s13360-021-01931-w


Sustainability 2023, 15, 14792 25 of 40

14. Schrieks, T.; Botzen, W.W.; Wens, M.; Haer, T.; Aerts, J.C. Integrating behavioral theories in agent-based models for agricultural
drought risk assessments. Front. Water 2021, 3, 686329. [CrossRef]

15. Falkenberg, T.; Ekesi, S.; Borgemeister, C. Integrated Pest Management (IPM) and One Health–A call for action to integrate. Curr.
Opin. Insect Sci. 2022, 53, 100960. [CrossRef] [PubMed]

16. Ebrahimi, A.; Samari, F.; Eftekhar, E.; Yousefinejad, S. Rapid and efficient colorimetric sensing of clindamycin and Fe3+ using
controllable phyto-synthesized silver/silver chloride nanoparticles by Syzygium cumini fruit extract. J. Anal. Sci. Technol. 2022,
13, 10. [CrossRef]

17. Pattanayak, D.S.; Pal, D.; Thakur, C.; Raut, P.; Wasewar, K. Catalytic potential of phyto-synthesized silver nanoparticles for the
degradation of pollutants. In Sustainable Engineering, Energy, and the Environment; Apple Academic Press: Cambridge, MA, USA,
2022; pp. 465–481.

18. Ahluwalia, O.; Singh, P.C.; Bhatia, R. A review on drought stress in plants: Implications, mitigation and the role of plant growth
promoting rhizobacteria. Resour. Environ. Sustain. 2021, 5, 100032. [CrossRef]

19. Singh, S.; Husen, A. Role of nanomaterials in the mitigation of abiotic stress in plants. In Nanomaterials and Plant Potential;
Springer: Cham, Switzerland, 2019; pp. 441–471.

20. Alagoz, S.M.; Arvanaghi, H.R.; Dolatabadi, N.; Khalaki, M.A.; Moameri, M.; Lajayer, B.A.; van Hullebusch, E.D. Impact on
nutritional status of plants treated with nanoparticles. In Toxicity of Nanoparticles in Plants; Elsevier: Amsterdam, The Netherlands,
2022; pp. 333–358.

21. Farooq, M.A.; Hannan, F.; Islam, F.; Ayyaz, A.; Zhang, N.; Chen, W.; Zhang, K.; Huang, Q.; Xu, L.; Zhou, W. The potential of
nanomaterials for sustainable modern agriculture: Present findings and future perspectives. Environ. Sci. Nano 2022, 9, 1926–1951.
[CrossRef]

22. Das, P.P.; Singh, K.R.; Nagpure, G.; Mansoori, A.; Singh, R.P.; Ghazi, I.A.; Kumar, A.; Singh, J. Plant-soil-microbes: A tripartite
interaction for nutrient acquisition and better plant growth for sustainable agricultural practices. Environ. Res. 2022, 214, 113821.
[CrossRef]

23. Mittal, U.; Kumar, V.; Kukreja, S.; Singh, B.; Pandey, N.K.; Goutam, U. Role of beneficial elements in developing resilience to
abiotic and biotic stresses in plants: Present status and future prospects. J. Plant Growth Regul. 2023, 42, 3789–3813. [CrossRef]

24. Malik, S.; Chaudhary, K.; Malik, A.; Punia, H.; Sewhag, M.; Berkesia, N.; Nagora, M.; Kalia, S.; Malik, K.; Kumar, D.; et al.
Superabsorbent Polymers as a Soil Amendment for Increasing Agriculture Production with Reducing Water Losses under Water
Stress Condition. Polymers 2022, 15, 161. [CrossRef]

25. Patra, S.K.; Poddar, R.; Brestic, M.; Acharjee, P.U.; Bhattacharya, P.; Sengupta, S.; Pal, P.; Bam, N.; Biswas, B.; Barek, V.; et al.
Prospects of hydrogels in agriculture for enhancing crop and water productivity under water deficit condition. Int. J. Polym. Sci.
2022, 2022, 4914836. [CrossRef]

26. Ray, S.S.; Soni, R.; Kim, I.-C.; Park, Y.-I.; Lee, C.Y.; Kwon, Y.-N. Surface innovation for fabrication of superhydrophobic sand
grains with improved water holding capacity for various environmental applications. Environ. Technol. Innov. 2022, 28, 102849.
[CrossRef]

27. Linh, T.M.; Mai, N.C.; Hoe, P.T.; Lien, L.Q.; Ban, N.K.; Hien, L.T.T.; Chau, N.H.; Van, N.T. Metal-based nanoparticles enhance
drought tolerance in soybean. J. Nanomater. 2020, 2020, 4056563. [CrossRef]

28. Zhao, W.; Liu, Y.; Zhang, P.; Zhou, P.; Wu, Z.; Lou, B.; Jiang, Y.; Shakoor, N.; Li, M.; Li, Y.; et al. Engineered Zn-based
nano-pesticides as an opportunity for treatment of phytopathogens in agriculture. NanoImpact 2022, 28, 100420. [CrossRef]

29. Sarkar, M.; Paul, A.; Das, D.R. Availing engineered and biosynthesized metal-based nanoparticles to alleviate abiotic stress. In
Response of Field Crops to Abiotic Stress; CRC Press: Boca Raton, FL, USA, 2022; pp. 15–33.

30. Azameti, M.K.; Imoro, A.-W.M. Nanotechnology: A promising field in enhancing abiotic stress tolerance in plants. Crop Des.
2023, 100037. [CrossRef]

31. Zarebanadkouki, M.; Hosseini, B.; Gerke, H.H.; Schaller, J. Amorphous silica amendment to improve sandy soils’ hydraulic
properties for sustained plant root access under drying conditions. Front. Environ. Sci. 2022, 10, 935012. [CrossRef]

32. Li, L.; Zhang, Y.-J.; Novak, A.; Yang, Y.; Wang, J. Role of biochar in improving sandy soil water retention and resilience to drought.
Water 2021, 13, 407. [CrossRef]

33. Zia, R.; Nawaz, M.S.; Siddique, M.J.; Hakim, S.; Imran, A. Plant survival under drought stress: Implications, adaptive responses,
and integrated rhizosphere management strategy for stress mitigation. Microbiol. Res. 2021, 242, 126626. [CrossRef] [PubMed]

34. Ghirardo, A.; Nosenko, T.; Kreuzwieser, J.; Winkler, J.B.; Kruse, J.; Albert, A.; Merl-Pham, J.; Lux, T.; Ache, P.; Zimmer, I.; et al.
Protein expression plasticity contributes to heat and drought tolerance of date palm. Oecologia 2021, 197, 903–919. [CrossRef]
[PubMed]

35. Jamwal, D.; Sharma, A.; Kanwar, R.; Mehta, S.K. The multifaceted dimensions of potent nanostructures: A comprehensive review.
Mater. Chem. Front. 2021, 5, 2967–2995. [CrossRef]

36. Vermoesen, E.; Bodé, S.; Brosens, G.; Boeckx, P.; Van Vlierberghe, S. Chemical Strategies towards Controlled Release in Agriculture.
Rev. Chem. Eng. 2023. [CrossRef]

37. Ramírez-García, R.; Gohil, N.; Singh, V. Recent advances, challenges, and opportunities in bioremediation of hazardous materials.
In Phytomanagement of Polluted Sites; Elsevier: Amsterdam, The Netherlands, 2019; pp. 517–568.

38. Cummings, C.L.; Kuzma, J.; Kokotovich, A.; Glas, D.; Grieger, K. Barriers to responsible innovation of nanotechnology applications
in food and agriculture: A study of US experts and developers. NanoImpact 2021, 23, 100326. [CrossRef] [PubMed]

https://doi.org/10.3389/frwa.2021.686329
https://doi.org/10.1016/j.cois.2022.100960
https://www.ncbi.nlm.nih.gov/pubmed/35963579
https://doi.org/10.1186/s40543-022-00318-5
https://doi.org/10.1016/j.resenv.2021.100032
https://doi.org/10.1039/D1EN01124C
https://doi.org/10.1016/j.envres.2022.113821
https://doi.org/10.1007/s00344-022-10840-w
https://doi.org/10.3390/polym15010161
https://doi.org/10.1155/2022/4914836
https://doi.org/10.1016/j.eti.2022.102849
https://doi.org/10.1155/2020/4056563
https://doi.org/10.1016/j.impact.2022.100420
https://doi.org/10.1016/j.cropd.2023.100037
https://doi.org/10.3389/fenvs.2022.935012
https://doi.org/10.3390/w13040407
https://doi.org/10.1016/j.micres.2020.126626
https://www.ncbi.nlm.nih.gov/pubmed/33189069
https://doi.org/10.1007/s00442-021-04907-w
https://www.ncbi.nlm.nih.gov/pubmed/33880635
https://doi.org/10.1039/D0QM00950D
https://doi.org/10.1515/revce-2022-0057
https://doi.org/10.1016/j.impact.2021.100326
https://www.ncbi.nlm.nih.gov/pubmed/35559827


Sustainability 2023, 15, 14792 26 of 40

39. Chelliah, R.; lHasan Madar, I.; Sultan, G.; Begum, M.; Pahi, B.; Tayubi, I.A.; Selvakumar, V.; Oh, D.H. Risk assessment and
regulatory decision-making for nanomaterial use in agriculture. In Engineered Nanomaterials for Sustainable Agricultural Production,
Soil Improvement and Stress Management; Elsevier: Amsterdam, The Netherlands, 2023; pp. 413–430.

40. Renn, O.; Roco, M.C. Nanotechnology and the need for risk governance. In Emerging Technologies; Routledge: Oxfordshire, UK,
2020; pp. 321–359.

41. Liu, Y.; Lu, J.; Cui, L.; Tang, Z.; Ci, D.; Zou, X.; Zhang, X.; Yu, X.; Wang, Y.; Si, T. The multifaceted roles of Arbuscular Mycorrhizal
Fungi in peanut responses to salt, drought, and cold stress. BMC Plant Biol. 2023, 23, 36. [CrossRef] [PubMed]

42. Mutale-Joan, C.; Redouane, B.; Najib, E.; Yassine, K.; Lyamlouli, K.; Laila, S.; Zeroual, Y.; Hicham, E.A. Screening of microalgae
liquid extracts for their bio stimulant properties on plant growth, nutrient uptake and metabolite profile of Solanum lycopersicum
L. Sci. Rep. 2020, 10, 2820. [CrossRef]

43. Kumar, A.; Choudhary, A.; Kaur, H.; Mehta, S.; Husen, A. Smart nanomaterial and nanocomposite with advanced agrochemical
activities. Nanoscale Res. Lett. 2021, 16, 156. [CrossRef] [PubMed]

44. Djanaguiraman, M.; Nair, R.; Giraldo, J.P.; Prasad, P.V.V. Cerium oxide nanoparticles decrease drought-induced oxidative damage
in sorghum leading to higher photosynthesis and grain yield. ACS Omega 2018, 3, 14406–14416. [CrossRef] [PubMed]

45. Shikari, A.B.; Dikilitas, M.; Simsek, E.; Guldur, M.E.; Simsek, U.; Karakas, S.; Abdel Latef, A.A.H. Nanotechnology and its role in
cereal crops under abiotic stress. In Sustainable Remedies for Abiotic Stress in Cereals; Springer: Singapore, 2022; pp. 675–687.

46. Baer, H.A.; Singer, M. The Anthropology of Climate Change: An Integrated Critical Perspective; Routledge: Oxfordshire, UK, 2018.
47. Thomas, A.; Baptiste, A.; Martyr-Koller, R.; Pringle, P.; Rhiney, K. Climate change and small island developing states. Annu. Rev.

Environ. Resour. 2020, 45, 1–27. [CrossRef]
48. Ebi, K.L.; Vanos, J.; Baldwin, J.W.; Bell, J.E.; Hondula, D.M.; Errett, N.A.; Hayes, K.; Reid, C.E.; Saha, S.; Spector, J.; et al. Extreme

weather and climate change: Population health and health system implications. Annu. Rev. Public Health 2021, 42, 293–315.
[CrossRef] [PubMed]

49. Teow, S.-Y.; Wong, M.M.-T.; Yap, H.-Y.; Peh, S.-C.; Shameli, K. Bactericidal properties of plants-derived metal and metal oxide
nanoparticles (NPs). Molecules 2018, 23, 1366. [CrossRef] [PubMed]

50. Monika, P.; Chandraprabha, M. Phytonanotechnology for enhanced wound healing activity. In Functional Bionanomaterials: From
Biomolecules to Nanoparticles; Springer: Cham, Switzerland, 2020; pp. 111–128.

51. Gonçalves, A.C.S.; Ferreira, A.S.M.; Dias, A.; Sárria, M.P.; Gomes, A.C. Nanotechnology-inspired bionanosystems for valorization
of natural origin extracts. In Sustainable Agriculture Reviews 44: Pharmaceutical Technology for Natural Products Delivery Vol. 2 Impact
of Nanotechnology; Springer: Cham, Switzerland, 2020; pp. 47–71.

52. Aththanayaka, S.; Thiripuranathar, G.; Ekanayake, S. Emerging advances in biomimetic synthesis of nanocomposites and potential
applications. Mater. Today Sustain. 2022, 20, 100206. [CrossRef]

53. Qamar, O.A.; Jamil, F.; Hussain, M.; Bae, S.; Inayat, A.; Shah, N.S.; Waris, A.; Akhter, P.; Kwon, E.E.; Park, Y.-K. Advances
in synthesis of TiO2 nanoparticles and their application to biodiesel production: A review. Chem. Eng. J. 2023, 460, 141734.
[CrossRef]

54. Chai, W.S.; Cheun, J.Y.; Kumar, P.S.; Mubashir, M.; Majeed, Z.; Banat, F.; Ho, S.-H.; Show, P.L. A review on conventional and novel
materials towards heavy metal adsorption in wastewater treatment application. J. Clean. Prod. 2021, 296, 126589. [CrossRef]

55. Qadeer, K.; Al-Hinai, A.; Chuah, L.F.; Sial, N.R.; Al-Muhtaseb, A.H.; Al Abri, R.; Qyyum, M.A.; Lee, M. Methanol production and
purification via membrane-based technology: Recent advancements, challenges, and the way forward. Chemosphere 2023, 335,
139007. [CrossRef] [PubMed]

56. Shafiq, T.; Uzair, M.; Iqbal, M.J.; Zafar, M.; Hussain, S.J.; Shah, S.A.A. Green Synthesis of Metallic Nanoparticles and Their
Potential in Bio-Medical Applications. Nano Biomed. Eng. 2021, 13, 191–206. [CrossRef]

57. Rónavári, A.; Igaz, N.; Adamecz, D.I.; Szerencsés, B.; Molnar, C.; Kónya, Z.; Pfeiffer, I.; Kiricsi, M. Green silver and gold
nanoparticles: Biological synthesis approaches and potentials for biomedical applications. Molecules 2021, 26, 844. [CrossRef]

58. Aswathi, V.; Meera, S.; Maria, C.A.; Nidhin, M. Green synthesis of nanoparticles from biodegradable waste extracts and their
applications: A critical review. Nanotechnol. Environ. Eng. 2023, 8, 377–397. [CrossRef]

59. Ahmed, S.F.; Mofijur, M.; Rafa, N.; Chowdhury, A.T.; Chowdhury, S.; Nahrin, M.; Islam, A.S.; Ong, H.C. Green approaches in
synthesising nanomaterials for environmental nanobioremediation: Technological advancements, applications, benefits and
challenges. Environ. Res. 2022, 204, 111967. [CrossRef] [PubMed]

60. Chinnathambi, A.; Alharbi, S.A.; Lavarti, R.; Jhanani, G.; On-Uma, R.; Jutamas, K.; Anupong, W. Larvicidal and pupicidal activity
of phyto-synthesized zinc oxide nanoparticles against dengue vector aedes aegypti. Environ. Res. 2023, 216, 114574. [CrossRef]

61. Salem, S.S.; Fouda, A. Green synthesis of metallic nanoparticles and their prospective biotechnological applications: An overview.
Biol. Trace Elem. Res. 2021, 199, 344–370. [CrossRef] [PubMed]

62. Jothinathan, L.; Cai, Q.; Ong, S.; Hu, J. Fe-Mn doped powdered activated carbon pellet as ozone catalyst for cost-effective phenolic
wastewater treatment: Mechanism studies and phenol by-products elimination. J. Hazard. Mater. 2022, 424, 127483. [CrossRef]
[PubMed]

63. Paiva-Santos, A.C.; Herdade, A.M.; Guerra, C.; Peixoto, D.; Pereira-Silva, M.; Zeinali, M.; Mascarenhas-Melo, F.; Paranhos, A.;
Veiga, F. Plant-mediated green synthesis of metal-based nanoparticles for dermopharmaceutical and cosmetic applications. Int. J.
Pharm. 2021, 597, 120311. [CrossRef] [PubMed]

https://doi.org/10.1186/s12870-023-04053-w
https://www.ncbi.nlm.nih.gov/pubmed/36642709
https://doi.org/10.1038/s41598-020-59840-4
https://doi.org/10.1186/s11671-021-03612-0
https://www.ncbi.nlm.nih.gov/pubmed/34664133
https://doi.org/10.1021/acsomega.8b01894
https://www.ncbi.nlm.nih.gov/pubmed/30411067
https://doi.org/10.1146/annurev-environ-012320-083355
https://doi.org/10.1146/annurev-publhealth-012420-105026
https://www.ncbi.nlm.nih.gov/pubmed/33406378
https://doi.org/10.3390/molecules23061366
https://www.ncbi.nlm.nih.gov/pubmed/29882775
https://doi.org/10.1016/j.mtsust.2022.100206
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.jclepro.2021.126589
https://doi.org/10.1016/j.chemosphere.2023.139007
https://www.ncbi.nlm.nih.gov/pubmed/37253401
https://doi.org/10.5101/nbe.v13i2.p191-206
https://doi.org/10.3390/molecules26040844
https://doi.org/10.1007/s41204-022-00276-8
https://doi.org/10.1016/j.envres.2021.111967
https://www.ncbi.nlm.nih.gov/pubmed/34450159
https://doi.org/10.1016/j.envres.2022.114574
https://doi.org/10.1007/s12011-020-02138-3
https://www.ncbi.nlm.nih.gov/pubmed/32377944
https://doi.org/10.1016/j.jhazmat.2021.127483
https://www.ncbi.nlm.nih.gov/pubmed/34673392
https://doi.org/10.1016/j.ijpharm.2021.120311
https://www.ncbi.nlm.nih.gov/pubmed/33539998


Sustainability 2023, 15, 14792 27 of 40

64. Kumar, A.; Choudhary, A.; Kaur, H.; Mehta, S.; Husen, A. Metal-based nanoparticles, sensors, and their multifaceted application
in food packaging. J. Nanobiotechnol. 2021, 19, 256. [CrossRef] [PubMed]

65. Jeevanandam, J.; Kiew, S.F.; Boakye-Ansah, S.; Lau, S.Y.; Barhoum, A.; Danquah, M.K.; Rodrigues, J. Green approaches for the
synthesis of metal and metal oxide nanoparticles using microbial and plant extracts. Nanoscale 2022, 14, 2534–2571. [CrossRef]
[PubMed]

66. El-Sheekh, M.M.; El-Kassas, H.Y.; Shams El-Din, N.G.; Eissa, D.I.; El-Sherbiny, B.A. Green synthesis, characterization applications
of iron oxide nanoparticles for antialgal and wastewater bioremediation using three brown algae. Int. J. Phytoremediat. 2021, 23,
1538–1552. [CrossRef] [PubMed]

67. Devi, D.; Julkapli, N.M.; Sagadevan, S.; Johan, M.R. Eco-friendly green synthesis approach and evaluation of environmental and
biological applications of Iron oxide nanoparticles. Inorg. Chem. Commun. 2023, 152, 110700.

68. Alprol, A.E.; Mansour, A.T.; El-Beltagi, H.S.; Ashour, M. Algal Extracts for Green Synthesis of Zinc Oxide Nanoparticles:
Promising Approach for Algae Bioremediation. Materials 2023, 16, 2819. [CrossRef] [PubMed]

69. Fabris, M.; Abbriano, R.M.; Pernice, M.; Sutherland, D.L.; Commault, A.S.; Hall, C.C.; Labeeuw, L.; McCauley, J.I.; Kuzhiuparambil,
U.; Ray, P.; et al. Emerging technologies in algal biotechnology: Toward the establishment of a sustainable, algae-based bioeconomy.
Front. Plant Sci. 2020, 11, 279. [CrossRef] [PubMed]

70. Vejan, P.; Khadiran, T.; Abdullah, R.; Ahmad, N. Controlled release fertilizer: A review on developments, applications and
potential in agriculture. J. Control. Release 2021, 339, 321–334. [CrossRef] [PubMed]

71. Ren, Y.; Foo, J.J.; Zeng, D.; Ong, W.J. ZnIn2S4-based nanostructures in artificial photosynthesis: Insights into photocatalytic
reduction toward sustainable energy production. Small Struct. 2022, 3, 2200017. [CrossRef]

72. Daehn, K.; Basuhi, R.; Gregory, J.; Berlinger, M.; Somjit, V.; Olivetti, E.A. Innovations to decarbonize materials industries. Nat. Rev.
Mater. 2022, 7, 275–294. [CrossRef]

73. Rissman, J.; Bataille, C.; Masanet, E.; Aden, N.; Morrow, W.R., III; Zhou, N.; Elliott, N.; Dell, R.; Heeren, N.; Huckestein, B.
Technologies and policies to decarbonize global industry: Review and assessment of mitigation drivers through 2070. Appl.
Energy 2020, 266, 114848. [CrossRef]

74. Rajivgandhi, G.; Maruthupandy, M.; Quero, F. Investigation of Chitosan/Metal and Metal Oxide Nanocomposites as a New
Strategy for Enhanced Anti-Biofilm Efficacy with Reduced Toxicity. In Chitosan Nanocomposites: Bionanomechanical Applications;
Springer: Berlin/Heidelberg, Germany, 2023; pp. 349–375.

75. Mikušová, V.; Mikuš, P. Advances in chitosan-based nanoparticles for drug delivery. Int. J. Mol. Sci. 2021, 22, 9652. [CrossRef]
76. Chen, W.; Li, X.; Cheng, H.; Xia, W. Chitosan-based selenium composites as potent Se supplements: Synthesis, beneficial health

effects, and applications in food and agriculture. Trends Food Sci. Technol. 2022, 129, 339–352. [CrossRef]
77. Yew, Y.P.; Shameli, K.; Miyake, M.; Khairudin, N.B.B.A.; Mohamad, S.E.B.; Naiki, T.; Lee, K.X. Green biosynthesis of superparam-

agnetic magnetite Fe3O4 nanoparticles and biomedical applications in targeted anticancer drug delivery system: A review. Arab.
J. Chem. 2020, 13, 2287–2308. [CrossRef]

78. Sur, S.; Rathore, A.; Dave, V.; Reddy, K.R.; Chouhan, R.S.; Sadhu, V. Recent developments in functionalized polymer nanoparticles
for efficient drug delivery system. Nano-Struct. Nano-Objects 2019, 20, 100397. [CrossRef]

79. Ikram, M.; Javed, B.; Raja, N.I.; Mashwani, Z.-U.-R. Biomedical potential of plant-based selenium nanoparticles: A comprehensive
review on therapeutic and mechanistic aspects. Int. J. Nanomed. 2021, 16, 249–268. [CrossRef] [PubMed]

80. Akintelu, S.A.; Oyebamiji, A.K.; Olugbeko, S.C.; Latona, D.F. Green chemistry approach towards the synthesis of copper
nanoparticles and its potential applications as therapeutic agents and environmental control. Curr. Res. Green Sustain. Chem. 2021,
4, 100176. [CrossRef]

81. Taghavizadeh Yazdi, M.E.; Modarres, M.; Amiri, M.S.; Darroudi, M. Phyto-synthesis of silver nanoparticles using aerial extract
of Salvia leriifolia Benth and evaluation of their antibacterial and photo-catalytic properties. Res. Chem. Intermed. 2019, 45,
1105–1116. [CrossRef]

82. Hadinejad, F.; Jahanshahi, M.; Morad, H. Microwave-assisted and ultrasonic phyto-synthesis of copper nanoparticles: A
comparison study. Nano Biomed. Eng. 2021, 13, 6–19. [CrossRef]

83. Samari, F.; Baluchi, L.; Salehipoor, H.; Yousefinejad, S. Controllable phyto-synthesis of cupric oxide nanoparticles by aqueous
extract of Capparis spinosa (caper) leaves and application in iron sensing. Microchem. J. 2019, 150, 104158. [CrossRef]

84. Shahbaz, M.; Fatima, N.; Mashwani, Z.-U.-R.; Akram, A.; Haq, E.u.; Mehak, A.; Abasi, F.; Ajmal, M.; Yousaf, T.; Raja, N.I. Effect
of Phytosynthesized Selenium and Cerium Oxide Nanoparticles on Wheat (Triticum aestivum L.) against Stripe Rust Disease.
Molecules 2022, 27, 8149. [CrossRef] [PubMed]

85. Jan, H.; Zaman, G.; Usman, H.; Ansir, R.; Drouet, S.; Gigliolo-Guivarc’h, N.; Hano, C.; Abbasi, B.H. Biogenically proficient
synthesis and characterization of silver nanoparticles (Ag-NPs) employing aqueous extract of Aquilegia pubiflora along with
their in vitro antimicrobial, anti-cancer and other biological applications. J. Mater. Res. Technol. 2021, 15, 950–968. [CrossRef]

86. Pourmadadi, M.; Rahmani, E.; Shamsabadipour, A.; Mahtabian, S.; Ahmadi, M.; Rahdar, A.; Díez-Pascual, A.M. Role of iron oxide
(Fe2O3) nanocomposites in advanced biomedical applications: A state-of-the-art review. Nanomaterials 2022, 12, 3873. [CrossRef]
[PubMed]

87. Clasky, A.J.; Watchorn, J.D.; Chen, P.Z.; Gu, F.X. From prevention to diagnosis and treatment: Biomedical applications of metal
nanoparticle-hydrogel composites. Acta Biomater. 2021, 122, 1–25. [CrossRef]

https://doi.org/10.1186/s12951-021-00996-0
https://www.ncbi.nlm.nih.gov/pubmed/34446005
https://doi.org/10.1039/D1NR08144F
https://www.ncbi.nlm.nih.gov/pubmed/35133391
https://doi.org/10.1080/15226514.2021.1915957
https://www.ncbi.nlm.nih.gov/pubmed/33899605
https://doi.org/10.3390/ma16072819
https://www.ncbi.nlm.nih.gov/pubmed/37049112
https://doi.org/10.3389/fpls.2020.00279
https://www.ncbi.nlm.nih.gov/pubmed/32256509
https://doi.org/10.1016/j.jconrel.2021.10.003
https://www.ncbi.nlm.nih.gov/pubmed/34626724
https://doi.org/10.1002/sstr.202200017
https://doi.org/10.1038/s41578-021-00376-y
https://doi.org/10.1016/j.apenergy.2020.114848
https://doi.org/10.3390/ijms22179652
https://doi.org/10.1016/j.tifs.2022.10.008
https://doi.org/10.1016/j.arabjc.2018.04.013
https://doi.org/10.1016/j.nanoso.2019.100397
https://doi.org/10.2147/IJN.S295053
https://www.ncbi.nlm.nih.gov/pubmed/33469285
https://doi.org/10.1016/j.crgsc.2021.100176
https://doi.org/10.1007/s11164-018-3666-8
https://doi.org/10.5101/nbe.v13i1.p6-19
https://doi.org/10.1016/j.microc.2019.104158
https://doi.org/10.3390/molecules27238149
https://www.ncbi.nlm.nih.gov/pubmed/36500240
https://doi.org/10.1016/j.jmrt.2021.08.048
https://doi.org/10.3390/nano12213873
https://www.ncbi.nlm.nih.gov/pubmed/36364649
https://doi.org/10.1016/j.actbio.2020.12.030


Sustainability 2023, 15, 14792 28 of 40

88. Fan, Y.; Liu, Y.; Wu, Y.; Dai, F.; Yuan, M.; Wang, F.; Bai, Y.; Deng, H. Natural polysaccharides based self-assembled nanoparticles
for biomedical applications–A review. Int. J. Biol. Macromol. 2021, 192, 1240–1255. [CrossRef] [PubMed]

89. Ahmad, B.; Shireen, F.; Rauf, A.; Shariati, M.A.; Bashir, S.; Patel, S.; Khan, A.; Rebezov, M.; Khan, M.U.; Mubarak, M.S. Phyto-
fabrication, purification, characterisation, optimisation, and biological competence of nano-silver. IET Nanobiotechnol. 2021, 15,
1–18. [CrossRef] [PubMed]

90. Naikoo, G.A.; Mustaqeem, M.; Hassan, I.U.; Awan, T.; Arshad, F.; Salim, H.; Qurashi, A. Bioinspired and green synthesis of
nanoparticles from plant extracts with antiviral and antimicrobial properties: A critical review. J. Saudi Chem. Soc. 2021, 25, 101304.
[CrossRef]

91. Adrees, M.; Khan, Z.S.; Hafeez, M.; Rizwan, M.; Hussain, K.; Asrar, M.; Alyemeni, M.N.; Wijaya, L.; Ali, S. Foliar exposure of zinc
oxide nanoparticles improved the growth of wheat (Triticum aestivum L.) and decreased cadmium concentration in grains under
simultaneous Cd and water deficient stress. Ecotoxicol. Environ. Saf. 2021, 208, 111627. [CrossRef] [PubMed]

92. Manzoor, N.; Ahmed, T.; Noman, M.; Shahid, M.; Nazir, M.M.; Ali, L.; Alnusaire, T.S.; Li, B.; Schulin, R.; Wang, G. Iron oxide
nanoparticles ameliorated the cadmium and salinity stresses in wheat plants, facilitating photosynthetic pigments and restricting
cadmium uptake. Sci. Total Environ. 2021, 769, 145221. [CrossRef]

93. Singh, A.; Basnal, N.; Shukla, G.; Chaudhary, N.; Singh, S.; Gaurav, S.S. Evaluation of efficacy of Phyto-synthesized iron oxide
nanoparticles in contributing drought resilience in wheat (Triticum aestivum L.). Nanotechnology 2022, 33, 485101. [CrossRef]
[PubMed]

94. Mosa, W.F.; Behiry, S.I.; Ali, H.M.; Abdelkhalek, A.; Sas-Paszt, L.; Al-Huqail, A.A.; Ali, M.M.; Salem, M.Z. Pomegranate trees
quality under drought conditions using potassium silicate, nanosilver, and selenium spray with valorization of peels as fungicide
extracts. Sci. Rep. 2022, 12, 6363. [CrossRef] [PubMed]

95. Sun, G.; Dong, Z.; Li, G.; Yuan, H.; Liu, J.; Yao, X.; Gu, J.; Wu, H.; Li, Z. Mn3O4 Nanoparticles Alleviate ROS-Inhibited Root Apex
Mitosis Activities to Improve Maize Drought Tolerance. Adv. Biol. 2023, 7, 2200317. [CrossRef] [PubMed]

96. Wu, D.; Huang, S.; Zhang, X.; Ren, H.; Jin, X.; Gu, C. Iron minerals mediated interfacial hydrolysis of chloramphenicol antibiotic
under limited moisture conditions. Environ. Sci. Technol. 2021, 55, 9569–9578. [CrossRef] [PubMed]

97. Omar, A.A.; Heikal, Y.M.; Zayed, E.M.; Shamseldin, S.A.; Salama, Y.E.; Amer, K.E.; Basuoni, M.M.; Abd Ellatif, S.; Mohamed, A.H.
Conferring of Drought and Heat Stress Tolerance in Wheat (Triticum aestivum L.) Genotypes and Their Response to Selenium
Nanoparticles Application. Nanomaterials 2023, 13, 998. [CrossRef] [PubMed]

98. Sardari, M.; Rezayian, M.; Niknam, V. Comparative Study for the Effect of Selenium and Nano-Selenium on Wheat Plants Grown
under Drought Stress. Russ. J. Plant Physiol. 2022, 69, 127. [CrossRef]

99. Karvar, M.; Azari, A.; Rahimi, A.; Maddah-Hosseini, S.; Ahmadi-Lahijani, M.J. Titanium dioxide nanoparticles (TiO2-NPs)
enhance drought tolerance and grain yield of sweet corn (Zea mays L.) under deficit irrigation regimes. Acta Physiol. Plant. 2022,
44, 14. [CrossRef]

100. Hajizadeh, H.S.; Azizi, S.; Rasouli, F.; Okatan, V. Modulation of physiological and biochemical traits of two genotypes of Rosa
damascena Mill. by SiO2-NPs under In vitro drought stress. BMC Plant Biol. 2022, 22, 538. [CrossRef] [PubMed]

101. Shibli, R.; Mohusaien, R.; Abu-Zurayk, R.; Qudah, T.; Tahtamouni, R. Silver Nanoparticles (Ag NPs) Boost Mitigation Powers of
Chenopodium Quinoa (Q6 Line) Grown under In Vitro Salt-Stressing Conditions. Water 2022, 14, 3099. [CrossRef]

102. Khattak, A.; Ullah, F.; Shinwari, Z.K.; Mehmood, S. The effect of titanium dioxide nanoparticles and salicylic acid on growth and
biodiesel production potential of sunflower (Helianthus annuus L.) under water stress. Pak. J. Bot 2021, 53, 1987–1995. [CrossRef]
[PubMed]

103. Kandhol, N.; Jain, M.; Tripathi, D.K. Nanoparticles as potential hallmarks of drought stress tolerance in plants. Physiol. Plant.
2022, 174, e13665. [CrossRef] [PubMed]

104. Grodetskaya, T.A.; Evlakov, P.M.; Fedorova, O.A.; Mikhin, V.I.; Zakharova, O.V.; Kolesnikov, E.A.; Evtushenko, N.A.; Gusev, A.A.
Influence of Copper Oxide Nanoparticles on Gene Expression of Birch Clones In Vitro under Stress Caused by Phytopathogens.
Nanomaterials 2022, 12, 864. [CrossRef]

105. Shah, I.H.; Sabir, I.A.; Rehman, A.; Hameed, M.K.; Albashar, G.; Manzoor, M.A.; Shakoor, A. Co-application of copper oxide
nanoparticles and Trichoderma harzianum with physiological, enzymatic and ultrastructural responses for the mitigation of salt
stress. Chemosphere 2023, 336, 139230. [CrossRef] [PubMed]

106. Potter, M.; Deakin, J.; Cartwright, A.; Hortin, J.; Sparks, D.; Anderson, A.J.; McLean, J.E.; Jacobson, A.; Britt, D.W. Absence
of nanoparticle-induced drought tolerance in nutrient sufficient wheat seedlings. Environ. Sci. Technol. 2021, 55, 13541–13550.
[CrossRef] [PubMed]

107. Banerjee, A.; Roychoudhury, A. Explicating the cross-talks between nanoparticles, signaling pathways and nutrient homeostasis
during environmental stresses and xenobiotic toxicity for sustainable cultivation of cereals. Chemosphere 2022, 286, 131827.
[CrossRef] [PubMed]

108. Ali, E.; El-Shehawi, A.M.; Ibrahim, O.; Abdul-Hafeez, E.; Moussa, M.; Hassan, F. A vital role of chitosan nanoparticles in
improvisation the drought stress tolerance in Catharanthus roseus (L.) through biochemical and gene expression modulation. Plant
Physiol. Biochem. 2021, 161, 166–175. [CrossRef]

109. Wang, X.; Yu, K.; Du, M.; Hu, X.; Li, S.; Tan, W.; Zhang, X. Preparation and application of thidiazuron nanoparticles via electrostatic
self-assembly as defoliant in cotton. Colloids Surf. A Physicochem. Eng. Asp. 2022, 636, 128198. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2021.10.074
https://www.ncbi.nlm.nih.gov/pubmed/34678381
https://doi.org/10.1049/nbt2.12007
https://www.ncbi.nlm.nih.gov/pubmed/34694726
https://doi.org/10.1016/j.jscs.2021.101304
https://doi.org/10.1016/j.ecoenv.2020.111627
https://www.ncbi.nlm.nih.gov/pubmed/33396147
https://doi.org/10.1016/j.scitotenv.2021.145221
https://doi.org/10.1088/1361-6528/ac8c48
https://www.ncbi.nlm.nih.gov/pubmed/36001941
https://doi.org/10.1038/s41598-022-10354-1
https://www.ncbi.nlm.nih.gov/pubmed/35430590
https://doi.org/10.1002/adbi.202200317
https://www.ncbi.nlm.nih.gov/pubmed/36949542
https://doi.org/10.1021/acs.est.1c01016
https://www.ncbi.nlm.nih.gov/pubmed/33740378
https://doi.org/10.3390/nano13060998
https://www.ncbi.nlm.nih.gov/pubmed/36985894
https://doi.org/10.1134/S102144372206022X
https://doi.org/10.1007/s11738-021-03349-4
https://doi.org/10.1186/s12870-022-03915-z
https://www.ncbi.nlm.nih.gov/pubmed/36396999
https://doi.org/10.3390/w14193099
https://doi.org/10.30848/PJB2021-6(42)
https://www.ncbi.nlm.nih.gov/pubmed/37798455
https://doi.org/10.1111/ppl.13665
https://www.ncbi.nlm.nih.gov/pubmed/35279848
https://doi.org/10.3390/nano12050864
https://doi.org/10.1016/j.chemosphere.2023.139230
https://www.ncbi.nlm.nih.gov/pubmed/37343643
https://doi.org/10.1021/acs.est.1c00453
https://www.ncbi.nlm.nih.gov/pubmed/34009961
https://doi.org/10.1016/j.chemosphere.2021.131827
https://www.ncbi.nlm.nih.gov/pubmed/34403897
https://doi.org/10.1016/j.plaphy.2021.02.008
https://doi.org/10.1016/j.colsurfa.2021.128198


Sustainability 2023, 15, 14792 29 of 40

110. Aarushi, N.K.; Saini, G.; Ram, K. Low water stress induced changes on phenological characteristics of barley (Hordeum vulgare L.)
genotypes. Plant Arch. 2022, 22, 181–183.

111. Li, L.; Xing, J.; Ma, H.; Liu, F.; Wang, Y. In situ determination of guard cell ion flux underpins the mechanism of ABA-mediated
stomatal closure in barley plants exposed to PEG-induced drought stress. Environ. Exp. Bot. 2021, 187, 104468. [CrossRef]

112. Prakash, V.; Peralta-Videa, J.; Tripathi, D.K.; Ma, X.; Sharma, S. Recent insights into the impact, fate and transport of cerium oxide
nanoparticles in the plant-soil continuum. Ecotoxicol. Environ. Saf. 2021, 221, 112403. [CrossRef] [PubMed]

113. Hassanpouraghdam, M.B.; Vojodi Mehrabani, L.; Badali, R.; Aazami, M.A.; Rasouli, F.; KaKaei, K.; Szczepanek, M. Cerium
Oxide Salicylic Acid Nanoparticles’(CeO2: SA-NPs) Foliar Application and In-Soil Animal Manure Use Influence the Growth and
Physiological Responses of Aloe vera L. Agronomy 2022, 12, 731. [CrossRef]

114. Rai-Kalal, P.; Tomar, R.S.; Jajoo, A. H2O2 signaling regulates seed germination in ZnO nanoprimed wheat (Triticum aestivum L.)
seeds for improving plant performance under drought stress. Environ. Exp. Bot. 2021, 189, 104561. [CrossRef]

115. Fatima, A.; Safdar, N.; Ain, N.-u.; Yasmin, A.; Chaudhry, G.-e.-S. Abscisic Acid-Loaded ZnO Nanoparticles as Drought Tolerance
Inducers in Zea mays L. with Physiological and Biochemical Attributes. J. Plant Growth Regul. 2023, 1–14. [CrossRef]

116. Wang, M.; Wang, R.; Mur, L.A.J.; Ruan, J.; Shen, Q.; Guo, S. Functions of silicon in plant drought stress responses. Hortic. Res.
2021, 8, 254. [CrossRef]

117. Akhtar, N.; Ilyas, N.; Hayat, R.; Yasmin, H.; Noureldeen, A.; Ahmad, P. Synergistic effects of plant growth promoting rhizobacteria
and silicon dioxide nano-particles for amelioration of drought stress in wheat. Plant Physiol. Biochem. 2021, 166, 160–176.
[CrossRef]

118. Dhanker, R.; Rawat, S.; Chandna, V.; Kumar, R.; Das, S.; Sharma, A.; Kumar, V. Recovery of silver nanoparticles and management
of food wastes: Obstacles and opportunities. Environ. Adv. 2022, 9, 100303. [CrossRef]

119. Abasi, F.; Raja, N.I.; Mashwani, Z.U.R.; Amjad, M.S.; Ehsan, M.; Mustafa, N.; Haroon, M.; Proćków, J. Biogenic silver nanoparticles
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